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CHAPTER 1 
INTRODUCTION
Carbon monoxide has been r e c o g n i z e d  as a p o t e n t i a l l y  
l e t h a l  c ont ami nant  o f  t he  a i r  s i n c e  a n c i e n t  t i m e s .  More 
r e c e n t l y ,  i t  has been shown t o be hazardous to human h e a l t h  
a t  c o n c e n t r a t i o n s  f r e q u e n t l y  encount er ed  i n  urban env i r onment s  
Whi l e carbon monoxide has been s t u d i e d  e x t e n s i v e l y  in l a r g e  
c i t i e s  ( Co l ucc i  and Begeman, 1 9 6 9 ) ,  l i t t l e  a t t e n t i o n  has been 
gi ven to i t s  oc c ur r enc e  i n  s m a l l e r  communi t i e s .  Thi s  n e g l e c t  
i s i l l u s t r a t e d  by the f a c t  t h a t  p r i o r  to t h i s  s t udy  ambi ent  
carbon monoxide l e v e l s  had a p p a r e n t l y  never  been measured a t  
any l o c a l i t y  in Montana.
Thi s s t u dy ,  t h e n ,  i s  an e f f o r t  to d e t e r mi n e  the  concen­
t r a t i o n  o f  carbon monoxide in t he  Mi s sou l a  V a l l e y  and i t s  
v a r i a b i l i t y  w i t h  r e s p e c t  to geogr aphy ,  t i me  o f  day ,  s o u r c e s ,  
and met eor o l ogy  and t o  r e l a t e  t hose c o n c e n t r a t i o n s  to a i r  
q u a l i t y  s t a n d a r d s .
THE OCCURRENCE AND FATE OF CARBON MONOXIDE
Carbon monoxide (CO) i s  a normal  t r a c e  c o n s t i t u e n t  o f  
the e a r t h ' s  atmosphere t h a t  was f i r s t  d e t e c t e d  by M i g e o t t i  
( 1 9 49 )  in s o l a r  s p e c t r a  a b s o r p t i o n  l i n e s  a t  4 . 7  y .  Between  
January 1967 and August  1968 Robinson and Robbins ( 1 9 7 0 )
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measured CO on f i v e  voyages i n t he  P a c i f i c  w i t h  both a gas 
chromatograph and a method i n v o l v i n g  t he  q u a n t i t a t i v e  r e d u c t i o n  
of  me r c u r i c  o x i d e .  C o n c e n t r a t i o n s  aver aged 0 . 1 4  p a r t s  per  
m i l l i o n  (ppm) in the  n o r t h e r n  hemi sphere and . 06  ppm i n the  
sout her n  hemi sphere .  The d i s c o u n t ! n u i t y  i n  CO c o n c e n t r a t i o n  
near  t he  e q ua t o r  i s  a r e s u l t  o f  t he  H a d l e y - c e l l  c i r c u l a t i o n  
t h a t  l i m i t s  he mi s ph e r i c  gas exchange near  t he  s u r f a c e .  An 
i n t e g r a t e d  g l oba l  aver age  was c a l c u l a t e d  to be 0.1 ppm. The 
remoteness of  the sampl i ng s i t e s  suggest  t h a t  0 . 1  ppm i s  an 
a p p r o p r i a t e  background l e v e l  f o r  the  l ower  t r o p o s p h e r e .  In 
the n o r t h e r n  hemi sphere peak background c o n c e n t r a t i o n s  occur  
between 40°N and 50°N l a t i t u d e .  Thi s  peak c o i n c i d e s  w i t h  
t hose l a t i t u d e s  where f o s s i l  f u e l  combust i on i s  h i g h e s t .  In 
t he sout her n hemisphere a minimum o f  a p p r o x i m a t e l y  0 . 0 4  ppm 
occurs a t  50°S.  The P a c i f i c  Ocean measurements seem t o be 
conf i rmed by measurements a t  P o i n t  Bar row,  Al aska  where CO 
c o n c e n t r a t i o n s  ranged f rom 0 . 0 5 5  ppm t o 0 . 2 6 0  ppm w i t h  an 
average o f  0 . 0 9 0  ppm (Cavanagh e t  a l . ,  1 9 6 9 ) .
Recent  i n v e s t i g a t i o n s  by Robbins e t  a l .  ( 1 9 7 3 )  i n d i c a t e  
t h a t  the  p r e s e n t  background l e v e l s  o f  CO may not  have changed 
in the l a s t  2500 y e a r s .  They o b t a i n e d  i c e  samples f rom Gr een­
land and A n t a r t i c a  t h a t  were da t ed  between 100 y e a r s  and 2500  
y e ar s  b e f o r e  the  p r e s e n t .  Using gas chromatography t he  a i r  
t r apped in the  i c e  was shown to be p a r t l y  composed o f  CO w i t h  
c o n c e n t r a t i o n s  between 0 . 1 5  and 0 . 3 2  ppm ( a v e r a g i n g  0 . 2 5  ppm) 
and methane w i t h  c o n c e n t r a t i o n s  o f  0 . 4 7  t o  0 . 6 9  ppm ( a v e r a g i n g
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0 , 5 8  ppm).  Such c o n c e n t r a t i o n s  o f  CO a r e  much h i g h e r  than  
p r e s e n t  background l e v e l s ,  and the  methane l e v e l s  are  l ower  
than p r e s e n t  l e v e l s .  The a u t hor s  p o s t u l a t e  t h a t  the e l e v a t e d  
CO l e v e l s  and the  depressed methane l e v e l s  a r e  the  r e s u l t  o f  
the o x i d a t i o n  o f  t he  methane to CO and t h a t  t h i s  o x i d a t i o n  in 
the t r a pped  a i r  must have occur r ed  i n  the f i r n  l a y e r  b e f o r e  
compact ion i n t o  " b l ue  i c e "  and i n l e s s  than 1 0 0  y e a r s ,  s i n c e  
the youngest  i ce  sample had a gas compos i t i on  s i m i l a r  to the  
o l d e s t  sample.  The a u t ho r s  were unabl e  t o  propose a mechanism.  
I f  such r easoni ng i s  v a l i d ,  background l e v e l s  o f  CO have been 
a p p r o x i m a t e l y  0 . 1  ppm f o r  a t  l e a s t  t he  l a s t  2500 y e a r s .
Human p r od uc t i on  o f  CO i n  t he U n i t e d  S t a t e s  in 1968 has 
been e s t i ma t e d  a t  100.1 m i l l i o n  tons ( S t o k e r  and S e a g e r ,  1 9 7 2 ) .  
S i x t y - f o u r  pe r c e n t  o f  t h a t  t o t a l  was due to t r a n s p o r t a t i o n  
sour ces .  I n d u s t r i a l  p r oc e s s e s ,  s o l i d  wast e  d i s p o s a l ,  and 
f o r e s t  f i r e s  c o n t r i b u t e d  a n o t h e r  2 4 . 6  p e r c e n t .
Whi l e  a n t h r o p og e n i c  sources p r e v i o u s l y  were t hought  t o  
account  f o r  v i r t u a l l y  a l l  CO in the  a t mosphere (Manahan,  1 9 7 2 ) ,  
r e c e n t  s t u d i e s  ( Wei nst ock  and N i k i ,  1972)  i n d i c a t e  t h a t  n a t u r a l  
p r o d u c t i o n  o f  CO may be 25 t i mes g r e a t e r  than human sour ces .
The n a t u r a l l y  o c c u r r i n g  CO sources i n c l u d e  o x i d a t i o n  o f  methane  
and the growth and decay o f  c h l o r o p h y l l .  A number of  very  
minor  b i o l o g i c a l  sources ar e  a l s o  known to e x i s t  ( J a f f e ,  1 9 6 8 ) .
There i s some ev i de nce  t h a t  t he  oceans ar e  a source o f  CO. 
Swi nner t on e t  a l .  ( 1 96 9 )  noted on a c r u i s e  between Washi ngt on ,  
D.C.  and Puer t o  Rico t h a t  CO c o n c e n t r a t i o n s  i n the  open ocean
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were h i g h e r  than c o n c e n t r a t i o n s  i n r i v e r s  and bays.  The 
ocean i c  c o n c e n t r a t i o n s  were not  a t  e q u i l i b r i u m  w i t h  t he  a t ­
mosphere and ne t  t r a n s p o r t  o f  the  gas appears t o  be f rom the  
oceans t o the at mospher e .
In 1968 Robbins e t  a l .  ( 1 9 6 8 )  e s t i m a t e d  t he  r e s i d e n c e  
t i me o f  CO i n the at mosphere t o  be f i v e  y e a r s .  More r e c e n t l y ,  
Robinson and Robbins ( 1 9 6 8 )  have e s t i m a t e d  t h e  r e s i d e n c e  t i me  
to be 2 . 7  ye a r s  assuming an a t mosphe r i c  mass o f  CO of  5 . 6  x 
10^^ 9  ( 0 . 1 0  ppm),  and an annual  CO emi ss i on  r a t e  o f  2 . 1  x 
lO^^g.  They concede t h a t  t he  a c t u a l  r e s i d e n c e  t i me  mi ght  be 
much s h o r t e r  ( 1 . 3  y e a r s )  as a r e s u l t  o f  t h e i r  p o s s i b l e  o v e r -  
e s t i m a t i o n  of  background CO c o n c e n t r a t i o n s  by a f a c t o r  o f  as 
much as two.  A d d i t i o n a l l y ,  D i m i t r i a d e s  and Whisman ( 1 9 7 1 )  
note t h a t  Robinson and Robbi ns'  f a i l u r e  to c o n s i d e r  t r o p o s ­
p h e r i c  r e a c t i o n s  o f  hydrocarbons as a CO source a l s o  l eads  to  
an o v e r e s t i m a t i o n  o f  r e s i d e n c e  t i me and t h a t  such a c o n s i d e r ­
a t i o n  would reduce Robinson and Robbi ns'  e s t i m a t e  to 0 . 9  y e a r s .  
D i mi t r i a d e s  and Whisman a l s o  a t t e mp t e d  to d e t e r mi n e  the  r a t e  
of  o x i d a t i o n  o f  carbon monoxide by s i m u l a t i n g  in the l a b o r a t o r y  
c o n d i t i o n s  t y p i c a l  o f  a p o l l u t e d  a t mospher e .  Under  such con­
d i t i o n s ,  the CO was o x i d i z e d  a t  a r a t e  o f  0.1% of  the  CO per  
hour o f  sun i r r a d i a t i o n ,  or  0 .05% o f  t he  CO per  hour .  Such a 
r a t e  g i ves  a r e s i d e n c e  t i me o f  0 . 3  y e a r  and i s  i n de pende nt  o f  
the c o n c e n t r a t i o n  o f  o t h e r  c o n t a m i n a n t s .  Based upon a c o n s i d ­
e r a t i o n  o f  r a t e s  o f  f o r m a t i o n  and o x i d a t i o n  o f  C^^O in the  
atmosphere ( bot h  t r o p o s p h e r e  and s t r a t o s p h e r e )  Wei nst ock  ( 1 9 6 9 )
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pl aced a l ower  l i m i t  on CO r e s i d e n c e  t i me  o f  0 .1 y e a r .  The 
known e x i s t e n c e  o f  removal  pr ocesses t h a t  g i v e  r e s i d e n c e  t i mes  
s h o r t e r  than t hose c a l c u l a t e d  f rom s t e a d y - s t a t e  assumpt i ons  
i m p l i e s  t h a t  t h e r e  a r e  sources o f  CO t h a t  have been un de r ­
e s t i ma t e d  in magni tude or  a r e  p r e s e n t l y  unknown.
A l a r g e  number o f  CO removal  schemes have been pr oposed,  
and among t hese  a r e  s e v e r a l  p o s s i b l e  t r o p o s p h e r i c  o x i d a t i o n  
r e a c t i o n s .
O x i d a t i o n  by m o l e c u l a r  oxygen:
CO + O g ------------ »  COg + 0 ( 1 . 1 )
occurs on l y  a t  a v e r y  smal l  r a t e  due t o  an a c t i v a t i o n  energy  
of  5 3 . 7  k i 1o c a l o r i e s / m o l e  ( F i s h e r  and McCar t hy ,  1 9 6 6 ) .  O x i ­
d a t i o n  by w a t e r :
CO + HgO ------------ ►COg + Hg ( 1 . 2 )
i s  a l s o  n e g l i g i b l e  w i t h  an a c t i v a t i o n  energy  o f  67 k i l o c a l o r i e s /  
mole (Graven and Long,  1 9 5 4 ) .  O x i d a t i o n  by ozone:
CO + O3  ------------ »  COg + Og ( 1 . 3 )
and n i t r o g e n  d i o x i d e :
CO + NOg------------- -- COg + NO (1 . 4 )
a r e  a l s o  i n e f f e c t i v e  in CO removal  due to a c t i v a t i o n  e n e r g i e s  
of  20 k i l o c a l o r i e s / m o l e  ( Z a t s i o r s k i i , 1940)  and 28 k i l o c a l o r i e s /  
mole (Brown and C r i s t ,  1 9 4 1 ) ,  r e s p e c t i v e l y .  One r e a l  p o s s i ­
b i l i t y  f o r  CO removal  i s  r e a c t i o n  w i t h  t he  hydr oxy l  r a d i c a l :
CO + HO------------------COg + H ( 1 . 5 )
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C a l c u l a t i o n s  made by Wei nst ock  and N i k i  ( 1 9 7 2 )  i n d i c a t e  t h a t  
t he c o n c e n t r a t i o n  o f  hydr oxy l  r a d i c a l s  i n  t he  t r o p o s p h e r e  i s  
s u f f i c i e n t  to account  f o r  t he  o x i d a t i o n  o f  t he  e a r t h ' s  CO.
The OH r a d i c a l s  o r i g i n a t e  i n the  p h o t o l y s i s  o f  w a t e r  (Manahan,  
1 9 7 2 ) .  Bodkin ( 1 9 74 )  has suggested t h a t  CO may p a r t i c i p a t e  
i n the  f o r m a t i o n  o f  photochemi ca l  smog as a r e s u l t  o f  i t s  
r e a c t i o n  w i t h  hydr oxy l  r a d i c a l s  by means o f  t he  f o l l o w i n g  
sequence o f  r e a c t i o n s :
CO + HO --------------- CO2  + H ( 1 . 6 )
H + Og + M ------------- - H O 2  + M ( 1 . 7 )
HOg + NO ------------ ►HO + NOg ( 1 . 8 )
The p r od u c t i o n  o f  NOg in e q u a t i o n  1 . 8  may e v e n t u a l l y  l ead  to  
the f o r ma t i o n  of  ozone.  Bodkin c i t e s  e x p e r i m e n t a l  ev i de nce  
t h a t  suppor t s  the above r e a c t i o n  sequence.  The s i g n i f i c a n c e  
of  CO in the f o r m a t i o n  o f  phot ochemi ca l  smog is l i m i t e d ,  
however ,  by the f a c t  t h a t  the r e a c t i o n  of  CO w i t h  HOg
CO + HOg ------------ -- COg + HO ( 1 . 9 )
is f a s t e r  than r e a c t i o n  1 . 8  and l i m i t s  t he  p r o d u c t i o n  o f  NOg.
I n g e r s o l l  ( 1 9 71 )  has shown t h a t  t he  p r i ma r y  means o f  
e l i m i n a t i n g  a t mosphe r i c  CO may i n v o l v e  mi cr oor gan i sms in t he  
s o i l .  She noted t h a t  s o i l  f rom many ecot ypes  was c a pa b l e  o f  
d e p l e t i n g  t he  carbon monoxide in t he  atmosphere a t  a r a t e
p
a v e r a g i n g  8 . 4 4  mg/ hr / m . That  t he  removal  i s ,  i n  f a c t ,  a b i o ­
l o g i c a l  process i s  suppor t ed  by t he  f o l l o w i n g  o b s e r v a t i o n s :
( 1 )  S t e r i l i z a t i o n  o f  the  s o i l  by steam or  a n t i b i o t i c s  e l i m i n a t e d
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the  s o i l ' s  a b i l i t y  t o  remove CO. ( 2 )  Once r e i n o c u l a t e d  w i t h  
n o n s t e r i l e  s o i l ,  the  s t e r i l i z e d  s o i l  s l o w l y  r e g a i n e d  i t s  
a b i l i t y  t o  d e p l e t e  a t mosphe r i c  CO. ( 3 )  The l i g h t e r  i s o t o p e s  
o f  CO were d e p l e t e d  a t  a s l i g h t l y  h i g h e r  r a t e  than the  h e a v i e r  
i s o t o p e s .  ( 4 )  Anaer obi c  s o i l  c o n d i t i o n s  i n h i b i t e d  t he  de ­
p l e t i o n .  ( 5 )  Prol onged and c o n s t a n t  exposure  reduced both  
the number o f  mi cr oor gani sms in t h e  s o i l  and t he  s o i l ' s  a b i l i t y  
to d e p l e t e  CO. From such s o i l s ,  I n g e r s o l l  i s o l a t e d  f o u r t e e n  
spec i es  of  f ung i  w i t h  t he  a b i l i t y  to o x i d i z e  t he  CO t o COg,  
a process v e r i f i e d  by us i ng C ^ ^ - l a b e l e d  CO.
Severa l  spec i es  o f  s o i l  b a c t e r i a  a l s o  remove CO f rom the  
atmosphere by e i t h e r  o x i d a t i o n  o f  t he  CO to COg or  r e d u c t i o n  
to CH^ ( K l u y v e r  and S c h n e l l e n ,  1 9 4 7 ) .
CARBON MONOXIDE AND HUMAN HEALTH
The t o x i c i t y  o f  CO is a r e s u l t  o f  i t s  r e a c t i o n  w i t h  
h e mo p r o t e i n s , the most i m p o r t a n t  be i ng t he  r e a c t i o n  w i t h  
hemoglobin to form c a r b o x y h e mo g l o b i n . S i nce  each hemoglobin  
mol ec u l e  has f o u r  heme u n i t s ,  as many as f o u r  CO mol ec u l es  
may r e a c t  w i t h  each hemogl obi n m o l e c u l e .  Once bound t o  the  
heme u n i t s ,  the  hemogl obi n d i s p l a y s  an e x t r e m e l y  l a r g e  a f f i n i t y  
f o r  the CO, a p p r o x i m a t e l y  210 t o  245 t i mes as g r e a t  as the  
a f f i n i t y  f o r  oxygen ( B a r t l e t t ,  1 9 6 8 ) .  As a r e s u l t ,  c a r b o x y ­
hemogl obi  n may make s e v e r a l  c i r c u l a t i o n s  through the body 
b e f o r e  d i s s o c i a t i n g .  The ne t  r e s u l t  i s  t h a t  t h e  oxyhemogl obi n  
(OgHb) i s  d i s p l a c e d  by car boxyhemogl ob i n  (COHb) and r e s p i r a t i o n
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e f f i c i e n c y  is r educed .  In a d d i t i o n  t o  s i mp l y  d i s p l a c i n g  
oxygen f rom hemogl obi n ,  the  pr esence o f  CO a t  one o f  the  
heme u n i t s  i n t e r f e r e s  w i t h  oxygen r e l e a s e  by t he  o t h e r  heme 
u n i t s  in the  t i s s u e  ( B e a r d ,  1 9 6 9 ) .  I t  may a l s o  be shown t h a t ,  
i n v i t r o , CO w i l l  r e v e r s i b l y  combine w i t h  myogl obi n t o  form 
carboxymyogl obi n  ( R o s s i - Panel  1 i and Ant oni  n i ,  1958)  and,  to  
a minor  e x t e n t ,  w i t h  cytochrome ox i da se s  (Wald and A l l e n ,  1957)  
In a d d i t i o n  t o  be i ng s u b j e c t e d  to exogenous sources o f  
CO, humans are s u b j e c t  t o  endogenous f o r m a t i o n  o f  CO due to  
c a t a b o l i s m  of  h e me - c o n t a i n i n g  p r o t e i n s  and o t h e r  mi nor  p r o ­
cesses.  The r a t e  o f  endogenous CO p r o d u c t i o n  i s  0 . 4  ml per  
hour .  Such a p r o d u c t i o n  l e v e l  r e s u l t s  in t he  0.5% c a r b o x y ­
hemogl obi n background l e v e l s  noted f o r  humans.
The r a t e  o f  upt ake o f  CO by humans i s  a f u n c t i o n  o f  a 
p e r s o n ’ s ph y s i c a l  a c t i v i t y  l e v e l  and t he  c o n c e n t r a t i o n  o f  
CO in t he  a i r .  The e q u i l i b r i u m  car boxyhemogl ob i n  l e v e l ,  
however ,  depends on l y  upon the  c o n c e n t r a t i o n  o f  CO in t he  a i r  
and can be c a l c u l a t e d  as f o l l o w s :
COHb ( i n  p e r c e n t )  = [ 0 . 1 6  x (CO) in ppm] + 0 . 5  ( 1 . 1 0 )
where 0 . 5  i s  the  background carboxyhemogl ob i n  l e v e l  due to  
endogenous f o r m a t i o n  ( Go l ds mi t h  and Landau,  1 9 6 8 ) .  F i g u r e  1.1  
i l l u s t r a t e s  t he  e q u i l i b r i u m  carboxyhemogl ob i n  l e v e l s  a s s o c i a t e d  
w i t h  d i f f e r e n t  ambi ent  CO c o n c e n t r a t i o n s .
The carboxyhemogl ob i n  l e v e l s  i n the  bl ood o f  s e d e n t a r y  
humans a f t e r  p e r i o d s  of  t i me l es s  than t h a t  r e q u i r e d  f o r  e q u i ­
l i b r i u m  can be c a l c u l a t e d  f rom the f o l l o w i n g  e q u a t i o n :
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F i g u r e  1.1
A b s o r p t i o n  o f  Carbon Monoxide ( P e t e r s on  and S t e w a r t ,  1970)
10
log% COHb = 0 . 8 5 7 5 3  log CO + 0 . 6 2 9 9 5  l og t  -  2 . 2 9 5 1 9  ( 1 . 1 1 )
where CO i s  measured in ppm and t  i s  t he  number o f  mi nut es  o f  
exposure ( Pe t e r son  and S t e w a r t ,  1 9 6 9 ) .
Once t he COHb l e v e l s  in the  bl ood o f  an exposed human
reach 2 . 5  to f i v e  p e r c e n t ,  c e r t a i n  p h y s i o l o g i c a l  changes begi n  
to appear  ( Be a r d ,  1 9 6 9 ) .  These changes i n c l u d e  i mpa i r men t  o f  
t i m e - i n t e r v a l  d i s c r i m i n a t i o n ,  changes in v i s u a l  a c u i t y  and 
r e l a t i v e  b r i g h t n e s s  t h r e s h o l d ,  and i mpa i r ment  in c e r t a i n  
psychomotor  t e s t s .  A number o f  c a r d i o v a s c u l a r  changes t ake  
pl ace  w i t h  COHb c o n c e n t r a t i o n s  excee d i ng  f i v e  p e r c e n t  (Ayres  
e t  a l . ,  1 9 6 9 ) .
Si nce CO ac t s  to reduce r e s p i r a t i o n  e f f i c i e n c y ,  some p a r t s
of  the p o p u l a t i o n  a r e  much more s e n s i t i v e  to CO than o t h e r
p a r t s .  Thi s s e n s i t i v e  group i n c l u d e s  ( 1 )  peop l e  w i t h  anemi a ,
( 2 )  peopl e  wi t h  c a r d i o v a s c u l a r  d i s e a s e s ,  ( 3 )  peop l e  w i t h  
abnormal  me t a b o l i c  s t a t e s  such as t h y r o t o x i c o s i s  or  f e v e r ,
( 4 )  peopl e w i t h  c h r o n i c  pulmonary d i s e a s e ,  and ( 5 )  d e v e l o p i n g  
f e t u s e s .  A d d i t i o n a l  s e n s i t i v e  groups i n c l u d e  t hose persons  
r e q u i r i n g  maximal  j udgment  and f u n c a t i o n a l  a b i l i t y ,  such as 
a u t omob i l e  d r i v e r s .  In a d d i t i o n ,  s i g n i f i c a n t  c o r r e l a t i o n s  
have been found in Los Angel es between week l y  my oc a r d i a l  
i n f a r c t i o n  case f a t a l i t y  r a t e s  and week l y  aver age  ambi ent  CO 
1 e v e l s .
I t  i s to p r o t e c t  the  ge ner a l  p o p u l a t i o n  f rom the above  
e f f e c t s  t h a t  f e d e r a l  a i r  q u a l i t y  s t a nd a r d s  were s e t .  These  
ambi ent  s t a ndar ds  f o r  carbon monoxide a r e  3 5  ppm f o r  a one-
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hour a v e r a g i n g  t i me and 9 ppm f o r  an e i g h t - h o u r  a v e r a g i n g  
t i m e ,  n e i t h e r  l i m i t  t o  be exceeded more than once per  y e a r .
The s t andar ds  a r e  s i m u l t a n e o u s l y  p r i m a r y  and secondary  s t a n ­
da r ds .  Ambient  CO l e v e l s  in excess o f  t he  s t a nda r ds  r e s u l t  
in COHb l e v e l s  in excess o f  two p e r c e n t  f o r  a person exposed  
f o r  the f u l l  a v e r a g i ng  t i me .
MEASUREMENT OF CARBON MONOXIDE
A number o f  a n a l y t i c a l  methods have been used f o r  the  
measurement  o f  CO in ambi ent  a i r .
The n o n d i s p e r s i v e  i n f r a r e d  (NDIR)  a n a l y z e r  i s  t he  r e f ­
erence method used by t he  U. S.  Env i r onment a l  P r o t e c t i o n  Agency 
( 1 9 7 1 ) .  The NDIR a n a l y z e r  has an i n f r a r e d  s o ur c e ,  a sample  
c e l l ,  a r e f e r e n c e  c e l l ,  and a d e t e c t o r .  As t he r a d i a t i o n  
passes t hrough the  sample and r e f e r e n c e  c e l l s ,  any CO i n  the  
sample c e l l  absorbs a p o r t i o n  o f  t he  i n f r a r e d  energy and heat s  
s l i g h t l y .  As a r e s u l t  o f  t he  h e a t i n g ,  a d i aphragm i s  d i s ­
p l aced and an e l e c t r o n i c  s i g n a l  i s  ge n e r a t e d  and a m p l i f i e d  
to g i v e  an o u t p u t  s i g n a l .
The minimum d e t e c t a b l e  c o n c e n t r a t i o n  and s e n s i t i v i t y  o f  
NDIR a n a l y z e r s  a r e  f u n c t i o n s  of  c e l l  l e n g t h ,  o p e r a t i n g  p r e s ­
s u r e ,  and degree  o f  a m p l i f i c a t i o n ,  f a c t o r s  t h a t  v a r y  f rom 
i n s t r u me n t  to i n s t r u m e n t .  Minimum d e t e c t a b l e  c o n c e n t r a t i o n s  
n o r ma l l y  l i e  in t he  range o f  0 . 5  t o  1 . 0  ppm.
The pr i ma r y  d i s a d v a n t a g e  of  NDIR a n a l y z e r s  i s  t h a t  w a t e r  
vapor  absorbs i n f r a r e d  ener gy  i n  bands t h a t  o v e r l a p  t hose  o f
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CO and,  t h e r e f o r e ,  i n t e r f e r e s  w i t h  CO d e t e r m i n a t i o n s  ( W o l f ,  
1 9 7 1 ) .  These i n t e r f e r e n c e s  a r e  overcome by l i m i t i n g  t he  
i n f r a r e d  r a d i a t i o n  t o  wav e l e ngt hs  a t  whi ch w a t e r  vapor  does 
not  a bsor b ,  addi ng w a t e r  t o  c a l i b r a t i o n  ga ses ,  d e h y d r a t i n g  
the  sampl e,  r e f r i g e r a t i n g  t he  sampl e ,  or  s a t u r a t i n g  t he  sampl e.  
However ,  most o f  t hese  compensat i ng methods a l s o  a d v e r s e l y  
a f f e c t  s e n s i t i v i t y  a n d / o r  response t i m e .
NDIR a n a l y z e r s  have one p a r t i c u l a r  a dvant age  over  most  
o t h e r  methods:  t hey  a r e  not  s e n s i t i v e  t o  changes i n t he  f l o w  
r a t e  o f  the sampled gas.
In a d d i t i o n  t o  t he  NDIR a n a l y z e r ,  a number o f  o t h e r  CO 
a n a l y z e r s  have been used in p r e v i o u s  s t u d i e s .  E l e c t r o c h e m i c a l  
a n a l y z e r s  have been deve l oped i n which CO r e a c t s  w i t h  i o d i n e  
p e n t o x i d e .  The i o d i n e  r e s u l t i n g  f rom the r e a c t i o n  i s  then  
reduced a t  a c a t ho de ,  g e n e r a t i n g  a c u r r e n t  p r o p o r t i o n a l  to  
the amount o f  CO p r e s e n t .  I n t e r f e r e n c e s  a r i s e  f rom me r c a p t a n s ,  
hydrogen s u l f i d e ,  hydrogen,  o l e f i n s ,  a c t y l e n e s ,  and w a t e r  
vapor  and must be f i l t e r e d  out  ( S t e r n ,  1 9 6 8 ) .
The r e a c t i o n  of  CO w i t h  hot  me r c u r i c  o x i d e :
CO + HgO(s)  — COg + Hg( g)  ( 1 . 1 2 )
has been used as an a n a l y t i c a l  method f o r  CO ( L e i  t h e ,  1 9 7 1 ) .
The r e s u l t i n g  mercury gas i s  measured by p h o t o me t r i c  methods.  
This method a l s o  s u f f e r s  f rom i n t e r f e r e n c e s  by oxygenat ed  
hy dr ocar bons ,  o l e f i n s ,  hydr ogen,  and p o s s i b l y ,  ozone.  Thi s  
method i s  w e l l  s u i t e d ,  however ,  f o r  d e t e r m i n i n g  background  
l e v e l s .  The minimum d e t e c t a b l e  l e v e l  o f  CO i s  0 . 0 2 5  ppm.
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S e n s i t i v i t y  l e v e l s  o f  0 . 0 0 2  ppm can be a c h i e v e d .
Gas chromat ography has a l s o  been shown t o be c a pa b l e  o f  
d e t e c t i n g  CO a t  l e v e l s  o f  0 . 0 1 0  ppm t o  200 ppm ( St evens  e t  a l . ,
1 9 7 0 ) .
The c a t a l y t i c  o x i d a t i o n  o f  carbon monoxide by H o p c a l i t e ,  
a c a t a l y s t  c o n s i s t i n g  o f  copper  and manganese ox i de s  and 
sometimes s i l v e r  and c o b a l t  o x i d e s ,  p r o v i d e s  s t i l l  a n o t h e r  
a n a l y t i c a l  method.  The CO c o n c e n t r a t i o n  i s  a f u n c t i o n  o f  t he  
r e s u l t i n g  t e mp e r a t u r e  r i s e .
Sever a l  c o l o r i m e t r i c  methods have been deve l oped  f o r  non-  
cont i nuous  d e t e r m i n a t i o n  o f  CO usi ng r e a g e n t s  such as s i l v e r  
p - s u l f a m o y l b e n z o a t e  ( Levaggi  and F e l d s t e i n ,  1 9 6 4 ) ,  a gel  o f  
p a l l a d i u m  and molybdenum s a l t s  (Shepherd e t  a l . ,  1 9 5 5 ) ,  and 
potassi um pal  1a d o s u l f i t e  ( S i l v e r ma n  and Gar dn e r ,  1 965 ) .  Ac­
curacy o f  the methods range on l y  f rom 5 - 2 5  p e r c e n t ,  however .
MISSOULA
Mi ssoul a  i s l o c a t e d  f i v e  mi l e s  e a s t  o f  t he  j u n c t i o n  o f  
the  C l ar k  Fork and B i t t e r r o o t  R i v e r s  i n  wes t e r n  Mont ana,  and 
60 to 80 mi l e s  west  o f  the C o n t i n e n t a l  D i v i d e .
Accordi ng to a summary o f  c l i m a t o l o g i c a l  r ec or ds  in  
Mi s sou l a  ( U . S .  Depar t ment  o f  Commerce,  1 9 7 2 ) ,  winds in the  
Mi ssoul a  V a l l e y  a r e  g e n e r a l l y  f rom t he  west  and sout hwest  
du r i n g  t he  s p r i n g  and summer and f rom the west  and n o r t h w e s t  
du r i ng  the  f a l l  and w i n t e r .  These p r e v a i l i n g  winds l o se  much 
o f  t h e i r  m o i s t u r e  on t he  west  s l opes  o f  t h e  B i t t e r r o o t  M o u n t a i n s ,
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a mount ai n range t h a t  p a r a l l e l s  t he  west  s i d e  o f  the  B i t t e r ­
r o o t  R i v e r  and l i e s  t o  the  west  o f  M i s s o u l a .  The r e s u l t i n g  
c l i m a t e  in Mi ssoul a  i s  semi a r i d ,  w i t h  on l y  1 2 . 8 3  i nches o f  
mo i s t u r e  a n n u a l l y .  O n e - t h i r d  o f  t h i s  m o i s t u r e  f a l l s  i n  May 
and June and t he  r ema i nd e r  i s  r a t h e r  e v e n l y  d i v i d e d  among 
the o t h e r  months.
The mean d a i l y  t e mp e r a t u r e  i s  4 3 . 2 ° F ,  w i t h  a mean d a i l y  
maximum o f  5 5 . 9 ° F  and a mean d a i l y  minimum o f  3 0 . 5 ° F .  The 
growing season i s  137 days l ong .
McBr ide e t  a l .  ( 1 9 7 2 )  noted t h a t  M i s s o u l a  i s  c h a r a c t e r i z e d  
by a mean annual  t e mp e r a t u r e  t h a t  i s  h i g h e r  downtown t h a t  i t  
is a t  t he  a i r p o r t  which I s  l o c a t e d  6 . 5  m i l e s  west  o f  t he  c i t y  
and t h a t  the d i f f e r e n c e  i s  i n c r e a s i n g  w i t h  t i m e .  Thi s tem­
p e r a t u r e  d i f f e r e n c e  i s  c h a r a c t e r i s t i c  o f  most  c i t i e s  ( P e t e r s o n ,
1971)  and is known as t he  urban " heat  i s l a n d . "
The v e r t i c a l  t e mp e r a t u r e  p r o f i l e  o f  t he  a i r  over  Mi s sou l a  
i s c h a r a c t e r i z e d  by f r e q u e n t  i n v e r s i o n s  o f  t he  normal  l apse  
r a t e s .  These i n v e r s i o n s  l i m i t  v e r t i c a l  mi x i ng  o f  t he  a i r  and 
c o n c e n t r a t e  p o l l u t a n t s  near  t he  ground.  Cold dense a i r  t ends  
to d r a i n  down the s u r r o u n d i n g  v a l l e y s  t o  form a co l d  l a y e r  of  
a i r  in the Mi ssou l a  V a l l e y  below a l a y e r  o f  r e l a t i v e l y  warm 
a i r  ( L e i g h t o n ,  1 9 7 1 ) .  I n v e r s i o n s  a l s o  occur  as t he  r e s u l t  of  
r a d i a t i v e  c o o l i n g  o f  t he  e a r t h ' s  s u r f a c e  and by compr ess i ona l  
h e a t i n g  o f  upper  a i r  masses due t o  s u b s i d i n g  a i r  i n  h i gh p r e s ­
sure systems.
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Accor di ng to a 1967 s t udy  { C l a r k  e t  a l . ,  1967)  M i s s o u l a ' s  
1965 p o p u l a t i o n  was 4 6 , 4 3 0  persons and t he  number o f  r e g i s t e r e d  
v e h i c l e s  t o t a l e d  2 5 , 7 6 7 .  The r a t i o  o f  persons t o  r e g i s t e r e d  
v e h i c l e s  was 1 . 8 .  Tha t  same s t udy  p r o j e c t e d  t h a t  i n  1985  
M i s s o u l a ' s  p o p u l a t i o n  would be 7 3 , 5 0 0  and t he  number o f  r e g i s ­
t e r e d  v e h i c l e s  would be 4 6 , 0 0 0 .  The p r o j e c t e d  r a t i o  o f  p e r ­
sons to r e g i s t e r e d  v e h i c l e s  would be 1 . 6 .  C e r t a i n l y  t he  pos­
s i b i l i t y  of  f u e l  s hor t age s  coul d  depress t he  p r o j e c t e d  v a l u e s .
Owens ( 1 9 6 8 )  e s t i m a t e d  CO emi ss i ons  i n  Mi s s ou l a  f o r  1962 -  
1967 based on v e h i c u l a r  gas and o i l  consumpt i on o f  2 2 . 5  m i l l i o n  
g a l l o n s  per  y e a r  and domest i c  and i n d u s t r i a l  n a t u r a l  gas con­
sumpt ion o f  4 9 . 6  m i l l i o n  cub i c  f e e t  per  y e a r .  His e s t i m a t e s  
ar e  shown in Tabl e  1 . 1 .
TABLE 1.1
Carbon Monoxide Emi ssions in Mi s sou l a  (Owens,  1968)  
Emission Source
V e h i c u l a r
I n d u s t r i a l
Pulp m i l l
Lumber m i l l s  
and o t her s
Domest ic
Emi ssi ons t o  
at mosphere
81 . 2  
1 0 . 0
3 . 0
7 . 0
Emi ssi ons p r e v e n t e d  
f rom r e a c h i n g  atmos­
phere by c o n t r o l  
measures
5 0 . 0
3 5 . 0
1 5 . 0
T o t a l  ( t ons  per  day)  9 1 . 2 5 0 . 0
To t a l  (pounds per  
person per  day)
3 . 0 4 1 . 67
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The above e s t i m a t e s  o f  CO emanat i ng  f rom t h e  pul p m i l l  
appear  to be in c o n t r a d i c t i o n  w i t h  U. S .  Depar t ment  o f  H e a l t h ,  
E d u c a t i o n ,  and W e l f a r e  ( 1 9 7 0 )  e s t i m a t e s  o f  215 l b  o f  CO per  
ton o f  p r od uc t .  At the  c u r r e n t  m i l l  p r o d u c t i o n  r a t e  o f  1150  
tons per  day ( Be r g ,  1 9 7 3 ) ,  t he  CO emi ss i ons  a t  t he  Hoerner  
Wal dor f  pulp m i l l  would t o t a l  124 t ons per  day a c c o r d i n g  t o  
H.E.W.  e s t i m a t e s .




The i n s t r u me n t  t h a t  was used f o r  t h i s  s t udy  was an 
e l e c t r o c h e m i c a l  o x i d a t i o n  ap pa r a t us  ma nuf a c t u r e d  by E n e r g e t i c s  
Sc i ence ,  I nc .  The bas i s  o f  the  i n s t r u m e n t  i s  t he o x i d a t i o n  o f  
t he  CO to carbon d i o x i d e  a t  the  anode a c c or d i ng  t o  the e q u a t i o n :  
CO + HgO ------------   COg + + 2 e ’  ( 2 . 1 )
The r e s u l t i n g  c u r r e n t  f l o w i n g  between t he  anode and t he  cat hode  
i s  p r o p o r t i o n a l  to the  p a r t i a l  p r e s s u r e  o f  the  CO be i ng o x i ­
d i z e d .
Thi s p a r t i c u l a r  i n s t r u m e n t  was chosen because i t s  o p e r ­
a t i n g  c h a r a c t e r i s t i c s  conform to v i r t u a l l y  eve r y  c r i t e r i a  sug­
gest ed by the U. S.  Env i r onment a l  P r o t e c t i o n  Agency f o r  non­
di  s p e r s i v e  i n f r a r e d  a n a l y z e r s  ( T a b l e  2 . 1 )  and because i t  i s  
p o r t a b l e  and c o n s i d e r a b l y  l es s  e x pens i v e  than t he  NDIR.
A c t u a l l y ,  t he sensor  has a t h r e e  e l e c t r o d e  a r r a n g e me n t ,  
w i t h  a sensi ng e l e c t r o d e ,  a r e f e r e n c e  e l e c t r o d e ,  and a c o u n t e r  
e l e c t r o d e .  The e l e c t r o l y t e  i s  a c o n c e n t r a t e d  s u l f u r i c  a c i d  
s o l u t i o n .  The o x i d a t i o n  o f  the  CO occurs a t  t he  sens i ng e l e c ­
t r o d e  ( a n o d e ) .  Both the  anode and t he  cathode a r e  T e f l o n -  
bonded p l a t i n u m  d i f f u s i o n  e l e c t r o d e s .  The r e f e r e n c e  e l e c t r o d e
17
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TABLE 2,1
Performance Sp e c i f i c a t i o n s  f o r  Carbon Monoxide Analyzers
Or 1 t e r l a  
Range (minimum) 
Output (minimum)
Minimum detect ab le  
s e n s i t i v i t y
Lag t ime (maximum)
Time to 90 percent  
response (maximum)
Rise t ime,  90 percent  
(maximum)
Fal l  t ime,  90 percent  
(maximum)
Zero d r i f t  (maximum)
Span d r i f t  (maximum)
Prec i s ion (mi nimum)
Operat ional  period  
(minimum)
Noise (maximum)
Int e r f e r ence  e qu i va l en t  
(maximum)
Operat ing temperature  
range (minimum)
Operat ing humidi ty  
range (minimum)
L i n e a r i t y  (maximum 
d e v i a t i o n )
Suggested NDIR 
S p e c i f i c a t i o n s  
( U . S . E . P . A . ,  1971)
0-50 ppm
0-1 0 , 1 0 0 , 1 0 0 0 , 
5000,  mv f u l l  scale





3 percent /week,  not  
to exceed 1 pe r cen t /  
24 hours
3 percent /week,  not  
to exceed 1 pe r ce n t /  
24 hours
± 0 .5  percent
3 days
+ 0 . 5  percent




1 percent  of  f u l l  
scale
Elect rochemical  
Analyzer  S p e c i f i c a t i o n s  
(Energet i cs  Science,  Inc.  
1 972)
0-100 ppm 






0,5  percent / 24  hours
1 percent / 24  hours
+ 1 percent  ( f u l l  sca l e )
i n d é f i n i  te wi th d a i l y  
c a l i b r a t i o n
+ 0 . 2  percent




+ 1 percent  of f u l l  
scale
*  determined In the course of  t h i s  study
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i s  a p a r t  o f  the  p o t e n t i o s t a t  c i r c u i t ,  whi ch m a i n t a i n s  t he  
anodi c  p o t e n t i a l  between 0 . 9  and 1 . 5  v o l t s .  The r e f e r e n c e  
e l e c t r o d e  i s  a me r c u r y / me r c u r y  s u l f a t e  e l e c t r o d e  (Bay e t  a l . ,
1 9 7 2 ) .
The c u r r e n t  f l o w i n g  between t he  e l e c t r o d e s  i s  measured 
by a microammeter  t h a t  i s  c a l i b r a t e d  d i r e c t l y  i n p a r t s  per  
m i l l i o n .  Z e r o - t o - o n e  v o l t  o u t p u t  t e r m i n a l s  a l l o w  s i mu l a t n e ou s
use o f  a r e c o r d e r .  The sample o f  a i r  i s  drawn i n t o  t he  e l e c t r o
chemical  c e l l  by a pump a t  a r a t e  o f  700 c c / m i n u t e .  Remote and
p o r t a b l e  o p e r a t i o n  f o r  p e r i o d s  o f  up to  1 0  hours i s  made pos­
s i b l e  by t he i n c o r p o r a t i o n  o f  n i c k e l - c a d mi u m b a t t e r i e s  in the  
i n s t r u m e n t ’ s c i r c u i t r y .
I n t e r f e r e n c e s  e q u i v a l e n t  t o  one ppm CO a r e  d e s c r i b e d  in 
Tabl e  2 . 2 .  The one ppm e q u i v a l e n t  c o n c e n t r a t i o n s  a l l  appear  
to be o u t s i d e  t he  range o f  p o l l u t a n t s  n o r m a l l y  encount er ed  in  
ambi ent  a i r .
TABLE 2 . 2
I n t e r f e r i n g  Substances and C o n c e n t r a t i o n  Requi r ed t o  Cause
a One PPM D e f l e c t i o n  ( E n e r g e t i c s S c i e n c e , I n c .  , 1 972 )
CH4 1 0 , 0 0 0  ppm NOg . 32 ppm
NH3 1 , 0 0 0  ppm ^3^8 5 ppm
SOg 5 , 0 0 0  ppm NO 1 . 5 ppm
" 2
48 ppm C2 H4 0 . 5  ppm
HgS 30 ppm ^2 ^ 2 0 . 3  ppm
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20
P r i o r  to e n t e r i n g  the  e l e c t r o c h e m i c a l  c e l l ,  the  sampled  
a i r  must be h u m i d i f i e d .  Thi s i s  n o r m a l l y  accompl i shed by 
passi ng t he  a i r  over  w a t e r  i n  a smal l  p l a s t i c  b o t t l e  i n s i d e  
the i n s t r u m e n t .  When t he  i n s t r u m e n t  i s  to be used f o r  e x ­
tended p e r i o d s ,  the  h u m i d i f i c a t i o n  may be c a r r i e d  out  e x t e r n a l  
to the i n s t r ume n t  by pass i ng the  a i r  ov e r  w a t e r  i n a f l a s k  and 
then to the a n a l y z e r ,  Thi s a r r angement  p r e v e n t s  d e p l e t i o n  o f  
the wa t e r  i n s i d e  the  i n s t r u m e n t  and has t he  added advant age  
o f  mi x i ng the a i r  b e f o r e  a n a l y s i s .  As a r e s u l t  o f  m i x i n g ,  
ext reme c o n c e n t r a t i o n s  o f  CO in smal l  p a r c e l s  o f  a i r  a r e  
d i l u t e d  w i t h  o t h e r  p a r c e l s  o f  a i r .  The mixed a i r  then has a 
c o n c e n t r a t i o n  o f  CO t h a t  f l u c t u a t e s  t o  a l e s s e r  degree around  
the mean c o n c e n t r a t i o n  than does an unmixed sampl e .  The 
smoothing e f f e c t s  o f  the  mi x i ng  f l a s k  f a c i l i t a t e s  the i n t e r ­
p r e t a t i o n  o f  r e c o r d e r  c h a r t s  w i t h  a p l a n i m e t e r ,  t he method 
used in t h i s  s t udy .  F i gur e s  2 . 1 ,  2 . 2 ,  and 2 . 3  i l l u s t r a t e  such 
an e f f e c t .  The t h r e e  r e c o r d e r  c h a r t s  r e p r e s e n t  p o r t i o n s  o f  
t h r e e  c o n s e c u t i v e  hours o f  m o n i t o r i n g  a t  S i t e  1 ,  each r e c o r d i n g  
being a p p r o x i m a t e l y  an hour i n l e n g t h .  I t  i s  obvi ous t h a t  by 
i n c r e a s i n g  t he volume o f  the mi x i ng  f l a s k ,  t he  curves ar e  damped 
The t w o - l i t e r  mi x i ng  f l a s k  was t h e  one n o r m a l l y  used a t  t he  
pr i mar y  s i t e s .
Wi th con t i nue d  use the e l e c t r o c h e m i c a l  c e l l  i n  the mon i t o r  
w i l l  show a p r o g r e s s i v e l y  s m a l l e r  o u t p u t  f o r  a c o n s t a n t  CO 
c o n c e n t r a t i o n .  Th i s  r e s u l t s  in a s l i g h t  d a y - t o - d a y  d r i f t  i n  
the c a l i b r a t i o n ,  which i s  c o r r e c t e d .  E v e n t u a l l y ,  a p o i n t  i s
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reached where t he  e x t e r n a l  c a l i b r a t i o n  c o n t r o l  w i l l  no l o n g e r  
compensate f o r  reduced sensor  o u t p u t .  At  t h i s  p o i n t  t he  
i n t e r n a l  ga i n  c o n t r o l  p o t e n t i o m e t e r  may be r e s e t ,  a l l o w i n g  
c a l i b r a t i o n  a d j u s t me n t s  to ag a i n  be made w i t h  t he  e x t e r n a l  
c a l i b r a t i o n  c o n t r o l  u n t i l  t he ne x t  i n t e r n a l  ga i n c o n t r o l  
p o t e n t i o m e t e r  a d j u s t me n t  becomes ne c e s s a r y .  When t he  i n t e r n a l  
gai n c o n t r o l  p o t e n t i o m e t e r  w i l l  no l o n g e r  compensate f o r  r e ­
duced sensor  o u t p u t ,  the sensor  must  be r e p l a c e d .
The CO mo n i t o r  was c a l i b r a t e d  e v e r y  sampl i ng day p r i o r  
to the c o l l e c t i o n  o f  any d a t a .  Th i s  pr oc edur e  c o n s i s t e d  o f  
t u r n i n g  the  i n s t r u m e n t  on,  a l l o w i n g  t he  z e r o  t o  s e t t l e ,  and 
then a d j u s t i n g  t he  zer o l e v e l  i f  n e c e s s a r y .  The i n s t r u m e n t  
was then l e f t  in t he zer o mode f o r  a p e r i o d  o f  a t  l e a s t  15 
mi n u t e s ,  and any zer o  d r i f t  was c o r r e c t e d .  The mode s e l e c t o r  
was p l aced in the  "ON" p o s i t i o n ,  and a smal l  p l a s t i c  bag was 
empt i ed o f  a i r  and then f i l l e d  w i t h  a s t a nd a r d  CO a i r  m i x t u r e  
o f  known CO c o n c e n t r a t i o n .  The bag was a t t a c h e d  t o t he  i n t a k e  
n o z z l e  o f  the  m o n i t o r ,  and the  mo n i t o r  was a l l o we d  to a c h i e v e  
a s t eady  v a l u e .  Any d e v i a t i o n  f rom t he  known CO v a l u e  o f  t he  
c a l i b r a t i o n  gas was t hen c o r r e c t e d .
The CO c a l i b r a t i o n  gas was s u p p l i e d  by E n e r g e t i c s  S c i e n c e ,  
I nc .  in aluminum c o n t a i n e r s  to av o i d  CO d e p l e t i o n  due t o  f o r ­
mat i on o f  i r o n  c a r b o n y l .  Each c y l i n d e r  was a n a l y z e d  on an 
E c o l y z e r  t h a t  had been c a l i b r a t e d  w i t h  Li nde pr i ma r y  s t a nd a r d  
c o / a i r  m i x t u r e s .  An accur a c y  o f  + 1 p e r c e n t  i s  c l a i med by 
E n e r g e t i c s  S c i e n c e ,  I n c .  ( Bay ,  1 9 7 4 ) .
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P r i o r  to J u l y  7 ,  19 73 ,  a d i f f e r e n c e  o f  a p p r o x i m a t e l y  
f i v e  p e r c e n t  was noted between CO v a l u e s  on t he  met er  and the  
o u t p u t  t o  the  r e c o r d e r  t e r m i n a l s .  Dur i ng  t h a t  t i me  p e r i o d  
the c a l i b r a t i o n  pr ocedures  were c a r r i e d  ou t  w i t h  the  r e c o r d e r  
a t t a c h e d  and a l l  c a l i b r a t i o n  r e a d i n g s  were made on the r e ­
c o r d e r .  The met e r  was s u b s e q u e n t l y  found t o have an i n t e r n a l  
r e s i s t a n c e  t h a t  d i d  not  conform t o  m a n u f a c t u r e r ' s  s p e c i f i c a ­
t i o n s  and was r e p l a c e d .  No d i f f e r e n c e s  were noted between  
the ou t pu t s  to t he  met er  and t he  r e c o r d e r  w i t h  the  new m e t e r ,  
and c a l i b r a t i o n  pr ocedures  t h e r e a f t e r  were made us i ng met e r  
r e a d i n g s .
Dur i ng the  p e r i o d  o f  June 26 ,  19 73 ,  to September  20 ,  19 73 ,  
t h r e e  d i f f e r e n t  e l e c t r o c h e m i c a l  sensors  were used in t he  i n ­
s t r u me nt .  The f i r s t  c e l l  was used f rom June 26 ,  1973 t o  J u l y  
7,  1973,  when i t  began to  show s t r o n g  c a l i b r a t i o n  d r i f t  and 
si gns o f  a c i d  l e a k a g e .  Dur i ng t he  p e r i o d  o f  o p e r a t i o n  o f  the  
f i r s t  c e l l ,  i t  showed a d a i l y  c a l i b r a t i o n  d r i f t  t h a t  ranged  
f rom 0 . 3  ppm/day t o  3 ppm/day and a mean d r i f t  o f  1 . 3  ppm/ day.
The second c e l l  was i n o p e r a t i o n  f rom August  1,  1973 to  
August  21 ,  1973 ,  when i t  a l s o  began to d i s p l a y  e x c e s s i v e  c a l i ­
b r a t i o n  d r i f t  and ac i d  l e a k a g e .  The d a i l y  c a l i b r a t i o n  d r i f t  
v a r i e d  f rom 0 . 7  ppm/day to 4 ppm/day a t  t he  end o f  i t s  o p e r ­
a t i o n a l  p e r i o d ,  w i t h  a mean d a i l y  d r i f t  o f  1 . 7  ppm/day.
The t h i r d  e l e c t r o c h e m i c a l  c e l l  o p e r a t e d  f rom August  30 ,  
1973 to September  2 0 ,  1973 ,  and per f or med much b e t t e r  than the  
two p r e v i o u s  c e l l s .  D a i l y  c a l i b r a t i o n  d r i f t  was h i g h e s t  (4
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ppm/ day)  on t he  second day o f  o p e r a t i o n ,  a f t e r  which d r i f t  
was zer o  on f i v e  o f  the e l e v e n  sampl i ng days.  Mean c a l i b r a ­
t i o n  d r i f t  on t he t h i r d  sensor  was 0 . 8  ppm/ day.
At a l l  sampl i ng s i t e s  e x c e p t  downtown and t r a n s e c t  s i t e s ,  
out pu t  f rom the  a n a l y z e r  was r e c or d ed  on a Bausch and Lomb 
r e c o r d e r .  D e s p i t e  t he  use o f  a grounded c h a s s i s  and s h i e l d e d  
c a b l e s ,  e l e c t r i c a l  i n t e r f e r e n c e s  p r e v e n t e d  t he use o f  t he  r e ­
c o r d e r  a t  the downtown sampl i ng s i t e  on a l l  days f o l l o w i n g  the  
f i r s t  sample.  At  t h i s  s i t e  i n s t a n t a n e o u s  r e a d i n g s  were t aken  
f rom the met er  ev e r y  f i v e  mi nu t e s .
SITE DESCRIPTIONS
Extended sampl i ng was c a r r i e d  out  a t  f o u r  d i f f e r e n t  s i t e s  
t h a t  were s e l e c t e d  to r e p r e s e n t  maj or  urban t r a f f i c  s i t u a t i o n s .
S i t e  1 was t he  i n t e r s e c t i o n  o f  Sout h ,  Russe l l  and Brooks 
( U . S .  93 )  S t r e e t s  in t he  s o u t h - c e n t r a l  p o r t i o n  o f  M i s s o u l a .  
T r a f f i c  d e n s i t y  a t  t h i s  I n t e r s e c t i o n  ranged f rom l e s s  than 100 
cars per  hour in the e a r l y  hours of  t h e  morning t o  a p p r o x i m a t e l y  
2500 cars  per  hour  a t  peak t r a f f i c  f l o w  p e r i o d s .  I d l i n g  t i me  
a t  t h i s  i n t e r s e c t i o n  was q u i t e  hi gh compared t o o t h e r  i n t e r ­
s e c t i o n s  in M i s s o u l a .  The m o n i t o r i n g  i n s t r u m e n t s  were l o c a t e d  
a p p r o x i m a t e l y  1 2  f e e t  f rom t he  curb on t he  e a s t  s i d e  o f  t he  
i n t e r s e c t i o n  and a d j a c e n t  to the  count y  f a i r g r o u n d s .  The i n ­
t ake  tube  t o  t he  m o n i t o r  was p o s i t i o n e d  f o u r  f e e t  above ground  
l e v e l .  Dur i ng most o f  t he sampl i ng hours e l e c t r i c  power was 
p r o v i d e d  by a 1500 w a t t  power g e n e r a t o r .  Con t a mi n a t i o n  o f  t he
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sampled a i r  w i t h  CO f rom t he  g e n e r a t o r  was avoi ded by p l a c i n g  
the  g e n e r a t o r  1 0 0  f e e t  downwind o f  t he  p r e v a i l i n g  w e s t e r l y  
wi nd.  Counts were m a i n t a i n e d  o f  t r a f f i c  pass i ng t hrough the  
I n t e r s e c t i o n  and c r o s s i n g  an I m a g i n a r y  l i n e  drawn from the  
mo n i t o r  t o  the west  c o r n e r  o f  Rus se l l  and South S t r e e t s .  The 
count  t h e r e f o r e  I n c l u d e d  a l l  motor  v e h i c l e s  in t he  i n t e r s e c t i o n  
except  west - bound t r a f f i c  on South S t r e e t  t h a t  t u r n ed  n o r t h  
on Russe l l  S t r e e t ,  sout hwest - bound t r a f f i c  on Brooks S t r e e t  
t h a t  t u r ne d  nor t h  on Rus se l l  S t r e e t ,  and ea s t - bound  t r a f f i c  
on South S t r e e t  t h a t  t u r n e d  south on Rus se l l  S t r e e t  or  s o u t h ­
west  on Brooks S t r e e t .  The e x cept ed  t r a f f i c  appeared t o  con­
s t i t u t e  l es s  than t en p e r c e n t  o f  the  t o t a l  t r a f f i c  and t o  be 
a r e l a t i v e l y  c o n s t a n t  p r o p o r t i o n  o f  t he  t o t a l  t r a f f i c  f l o w .
S i t e  2 was l o c a t e d  10 b l ocks  sout hwest  o f  S i t e  1 on Brooks  
S t r e e t .  The m o n i t o r  was l o c a t e d  15 f e e t  f rom t he  curb on the  
west  s i d e  o f  t he  s t r e e t .  E l e c t r i c  power was o b t a i n e d  f rom l i n e  
c u r r e n t  f rom t he  Montana Fi sh and Game Commi ssi on' s o f f i c e  
l o c a t e d  a s h o r t  d i s t a n c e  away,  e l i m i n a t i n g  t he  need f o r  the  
g e n e r a t o r .  As a r e s u l t  o f  be i ng l o c a t e d  on the  west  s i d e  o f  
the s t r e e t ,  t he  m o n i t o r  was upwind o f  Brooks S t r e e t  f o r  a l l  
hours m o n i t o r e d .  The on l y  s t r o n g  upwind CO source was Reserve  
S t r e e t ,  l o c a t e d  f o u r  b l ocks  t o  t he w e s t .  T r a f f i c  f l o w  on 
Brooks S t r e e t  v a r i e d  f rom a minimum o f  652 motor  v e h i c l e s  per  
hour to a maximum o f  1126 motor  v e h i c l e s  per  hour .  A McDonalds  
r e s t a u r a n t  l o c a t e d  on t he  o p p o s i t e  s i d e  o f  t he  s t r e e t  f rom t he  
mo n i t o r  o c c a s i o n a l l y  caused mi nor  c o n g e s t i o n .
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S i t e  3 was l o c a t e d  on t he  n o r t h w e s t  c o r n e r  o f  Main and 
Hi gg i ns  S t r e e t s  in downtown M i s s o u l a .  The m o n i t o r  was l o c a t e d  
a p p r o x i m a t e l y  10 f e e t  f rom t he  curb o f  H i gg i ns  S t r e e t  and 12 
f e e t  f rom the curb o f  Main S t r e e t .  E l e c t r i c  power was ob ­
t a i n e d  f rom l i n e  c u r r e n t  i n  t he  bank t h a t  was a d j a c e n t  to  
the sampl i ng s i t e .  Whi l e  t he  t r a f f i c  f l o w  on Main S t r e e t  was 
s i g n i f i c a n t  and was a p r i ma r y  c o n t r i b u t o r  t o  t he  measured CO 
l e v e l s ,  t r a f f i c  was counted on l y  on H i g g i ns  S t r e e t ,  As a 
r e s u l t ,  t hose t r a f f i c  counts must be c o n s i d e r e d  as i n d i c e s  to 
t r a f f i c  d e n s i t y  and not  a b s o l u t e  c oun t s .  T r a f f i c  counts a l ong  
Hi ggi ns  S t r e e t  ranged f rom a low o f  24 v e h i c l e s / h o u r  i n the  
e a r l y  morning hours to  a h i gh o f  1192 v e h i c l e s / h o u r  in mi d­
a f t e r n o o n .  Whi l e  the  i mmedi a t e  t opogr aphy  a t  t he  downtown 
s i t e  i s  domi nat ed by m u l t i - s t o r y  b u i l d i n g s  and g i v e s  r i s e  to  
c o n s i d e r a b l e  t u r b u l e n c e ,  t he  p r e v a i l i n g  winds a t  t h i s  s i t e  
were g e n e r a l l y  f rom the w e s t ,  l e a v i n g  the  m o n i t o r  somewhat  
upwind o f  t he  i n t e r s e c t i o n  i t s e l f ,  but  downwind f rom maj or  
s t r e e t s  and i n t e r s e c t i o n s  on t he  wes t e r n  edge o f  downtown 
Mi s s o u l a .
S i t e  4 was l o c a t e d  i n  Bonner Park i n t he  s o u t h e a s t e r n  
p o r t i o n  o f  M i s s o u l a .  The i n s t r u m e n t  was p l ace d  on a p l a t f o r m  
a p p r o x i m a t e l y  75 f e e t  f rom t he  n e a r e s t  s t r e e t  i n  the sout hwest  
c or n er  o f  t he  pa r k .  As a r e s u l t  o f  t he p l a t f o r m  e l e v a t i o n ,  
the a i r  i n l e t  was f i v e  f e e t  above ground l e v e l .  The s i t e  was 
sur rounded by r e s i d e n t i a l  a r eas  and t h e r e  were no nearby  ma j or  
s t r e e t s  or  i n t e r s e c t i o n s ,  and no counts were made o f  t he  v e r y
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o c c a s i o n a l  t r a f f i c  on t he  s t r e e t s  s u r r o u n d i n g  t he  p a r k .  A 
wooden w a l l  was a t t a c h e d  to t he  back o f  the  p l a t f o r m  and e x ­
tended 10 - 1 5  f e e t  h i g h e r  t han t he  a n a l y z e r .  Power was p r o ­
v i ded by e l e c t r i c a l  o u t l e t s .
In a d d i t i o n  t o  the  f o u r  p r i m a r y  sampl i ng  s i t e s  d e s c r i b e d  
above,  sampl i ng was c a r r i e d  out  a t  f o u r  o t h e r  s i t e s  f o r  the  
purpose o f  o b t a i n i n g  da t a  r e p r e s e n t a t i v e  o f  background,  i n ­
d u s t r i a l ,  shoppi ng c e n t e r ,  and r e s t r i c t e d  mi x i ng  s i t u a t i o n s .
Shopping c e n t e r  da t a  was o b t a i n e d  i n t he  H o l i d a y  V i l l a g e  
shopping c e n t e r  l o c a t e d  on t he  west  s i d e  o f  Brooks S t r e e t .
The m o n i t o r  was l o c a t e d  150 f e e t  f rom t he  c o r n e r  o f  t he  L-  
shaped b u i l d i n g  and e q u i d i s t a n t  f rom t he  s i des  o f  t he  b u i l d i n g .  
No a t t e m p t  was made t o count  t he  number o f  cars  moving in the  
shopping c e n t e r ' s  p a r k i n g  a r e a .  Given the  p r e v a i l i n g  w e s t e r l y  
wi nds ,  t he  CO measured i n  t he  shoppi ng c e n t e r  a c t u a l l y  r e p r e ­
sents t he  amount g e n e r a t e d  in t he  shoppi ng c e n t e r  i t s e l f  p l us  
t h a t  amount d r i f t i n g  f rom Brooks S t r e e t .
Carbon monoxide l e v e l s  p o s s i b l y  emanat i ng f rom the Hoerner  
Wa l dor f  pulp m i l l  were mon i t o r ed  a t  Har per  Br i dge  on t he  C l a r k  
Fork R i v e r ,  10 m i l e s  n o r t h w e s t  o f  M i s s o u l a  and 2 m i l e s  f rom  
the pul p  m i l l .  E l e c t r i c  power was p r o v i d e d  by t he  1500 w a t t  
g e n e r a t o r .  The m o n i t o r  was l o c a t e d  in such a manner as to be 
upwind o f  both t h e  g e n e r a t o r  and t he  b r i d g e .  T r a f f i c  f l o w  
over  t he  b r i d g e  was v e r y  i n f r e q u e n t .
Background l e v e l s  o f  CO were measured on F i sh Cr e ek ,  seven 
mi l e s  f rom I n t e r s t a t e  Highway 90 and 37 mi l e s  west  o f  M i s s o u l a .
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The m o n i t o r  was l o c a t e d  on the  c r e e k  bed,  upwind o f  the  
g e n e r a t o r ,  and 300 f e e t  f rom the  r oa d .  T r a f f i c  a l ong the  
d i r t  road was u s u a l l y  no more than one c a r  per  hour .
CO l e v e l s  in a l i m i t e d  mi x i n g  s i t u a t i o n  were o b t a i n e d  
i n t he  Orange S t r e e t  t unne l  l o c a t e d  f o u r  b l ocks  no r t h  of  
Broadway S t r e e t .  The t unne l  i s  a p p r o x i m a t e l y  one b l ock  long  
and a l l o w s  t he  passage o f  two l anes  o f  t r a f f i c .  T r a f f i c  f l o w  
through t he  t unne l  ranged f rom 141 cars  per  hour  t o  1416 cars  
per  hour in the  1 3 - ho ur  measurement  p e r i o d  i n t he  t u n n e l .
The m o n i t o r  was l o c a t e d  a t  m i d - t u n n e l  on t he  west  s i d e ,  a p p r o x ­
i m a t e l y  t h r e e  f e e t  f rom t he  c u r b ,  and t he  i n t a k e  was a p p r o x ­
i m a t e l y  f i v e  f e e t  above s t r e e t  l e v e l .  Wind in t he  t unne l  was 
s l i g h t  to ca l m,  and t h e r e  were no f ans or  o t h e r  a r t i f i c i a l  
v e n t i l a t i o n  d e v i c e s .  The m o n i t o r  was run on b a t t e r y  power .  
C o n c e n t r a t i o n s  were r ecor ded  f rom the met er  a t  15 second i n ­
t e r v a l s  over  a 1 0  mi nut e  p e r i o d  in each hour .
In t he  m a j o r i t y  o f  t he  above s i t e s ,  the  p h y s i c a l  l o c a t i o n  
of  the a n a l y z e r  was c r i t i c a l .  Whi l e  no s t u d i e s  were made o f  
v a r i a t i o n  i n CO c o n c e n t r a t i o n  w i t h  d i s t a n c e  f rom t he  s t r e e t s ,
Ot t  and E l i a s s e n  ( 1 9 7 3 )  not ed in San Jose ,  C a l i f o r n i a  t h a t  
moving the a n a l y z e r  2 0 0  f e e t  f rom the  s t r e e t s  decr eased the  
l o n g - t e r m  ave r a ge  c o n c e n t r a t i o n  by o n e - h a l f .  Even samples  
t aken on s i d e wa l k s  may not  be r e p r e s e n t a t i v e  o f  CO c o n c e n t r a ­
t i o n s  e x p e r i e n c e d  by persons a c t u a l l y  i n the s t r e am o f  t r a f f i c  
and may d i f f e r  by s e v e r a l  o r d e r s  o f  magni t ude  ( O t t  e t  a l . ,  1967)
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TRANSECT METHODS
Whi l e  t he  ex t ended sampl i ng a t  t he f o u r  p r i ma r y  sampl i ng  
s i t e s  shows t he  n a t u r e  o f  t he  CO probl em a t  l o c a l i t y  t y p e s ,  
i t  i s  an i n c o mp l e t e  p i c t u r e  when t he  c i t y - w i d e  probl em i s  
c o n s i d e r e d .
In o r d e r  to d e t e r mi n e  t he  r e l a t i v e  i n t e n s i t y  o f  CO l e v e l s  
across t he  c i t y ,  c r o s s - t o wn  sampl i ng t r a n s e c t s  were made 
t h r o ugh ou t  t he  summer o f  1973 .  The e f f e c t s  o f  s t r o ng  d i u r n a l  
CO f l u c t u a t i o n s  were e l i m i n a t e d  by t a k i n g  a l l  samples between  
noon and 1 : 0 0  P.M.  l o c a l  t i m e .  No samples were t aken on week­
ends.
The ba s i c  pr oc edur e  f o r  o b t a i n i n g  t r a n s e c t  da t a  i n v o l v e d  
d r i v i n g  t o  t he  f i r s t  o f  the  p r e d e t e r mi n e d  s i t e s  o f  e i t h e r  a 
n o r t h - s o u t h  or  e a s t - w e s t  t r a n s e c t .  The c a r  was n o r m a l l y  parked  
on t he  e a s t  s i d e  o f  t he  s t r e e t  making the  i n s t r u m e n t  downwind 
of  t he  i n t e r s e c t i o n  ( s i t e ) .  The i n s t r u m e n t  was s e t  up on the  
top o f  t he car  ( f i v e  f e e t  above the  ground)  and t he  sample was 
t aken t hrough a 250 ml Er l enmeyer  f l a s k  w i t h  a p p r o x i m a t e l y  100 
ml w a t e r  in i t .  The i n s t r u m e n t  was then run f o r  1 . 2 5  mi nut es  
in the  "ON" mode to c l e a r  t he  f l a s k  o f  a i r  f rom any p r e v i ou s  
sample and to a l l o w  t he  i n s t r u m e n t  t o  warm up,  CO l e v e l s  were  
then d e t e r mi n e d  f rom t he  i n s t r u m e n t ' s  met er  a t  f i f t e e n  second 
i n t e r v a l s  over  a t h r e e  mi nut e  p e r i o d .  Upon co mp l e t i on  o f  t he  
t h r e e  mi nut e  measur i ng p e r i o d ,  t he  i n s t r u me n t  was p l aced in  
t he  ca r  and was d r i v e n  t o  t he  ne x t  sampl i ng s i t e .
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The s i t e s  were s e l e c t e d  by l a y i n g  a g r i d  over  a map o f  
M i s s o u l a .  Sampl ing s i t e s  then became t hose  t r a f f i c  i n t e r ­
s e c t i o n s  o f  s t r e e t s  t h a t  were c l o s e s t  t o  t he  i n t e r s e c t i o n  o f  
g r i d  l i n e s .  N o r t h - s o u t h  g r i d  l i n e s  were formed by c o n s i d e r i n g  
A r t h u r  S t r e e t  as t he  base n o r t h - s o u t h  l i n e .  The r e ma i n i n g  
n o r t h - s o u t h  l i n e s  were formed a p p r o x i m a t e l y  e v e r y  t h r e e  b l ocks  
to the  w e s t .  For  t he  e a s t - w e s t  g r i d  l i n e s ,  Char i o  S t r e e t  
was t aken  t o  be t he  no r t h e r n mo s t  g r i d  l i n e  and a g r i d  l i n e  
was formed e v er y  f i v e  b l ocks  t o  t he  s out h .  As a r e s u l t ,  n o r t h -  
south g r i d  l i n e s  a r e  s e p a r a t e d  by t h r e e  b l ocks  and e a s t - w e s t  
g r i d  l i n e s  a r e  s e p a r a t e d  by f i v e  b l o c k s .  The g r i d  system di d  
not  encompass t he  R a t t l e s n a k e  s e c t i o n  or  East  M i s s o u l a .  In 
t hose cases where t h e r e  was not  access to t he  g r i d  i n t e r s e c t i o n s  
by a u t o mo b i l e  ( g o l f  c o u r s e ,  count y  f a i r g r o u n d ,  i n d u s t r i a l  com­
p l e x e s ,  e t c . ) ,  t hose sampl i ng  s i t e s  were e l i m i n a t e d .  Th i s  r e ­
s u l t e d  in a t o t a l  o f  82 sampl i ng s i t e s .
The CO a t  each s i t e  was d e t e r mi n e d  on two s e p a r a t e  t r a n ­
s e c t s .  These two sampl i ng  days were n o r m a l l y  s e p a r a t e d  by 
many days t o  e l i m i n a t e  t he  p o s s i b i l i t y  t h a t  an ex t ended m e t e r -  
o l o g i c a l  c o n d i t i o n  coul d  i n f l u e n c e  t he  CO d e t e r m i n a t i o n s  on 
both sampl i ng days.  The number o f  days s e p a r a t i n g  t he  two 
samples f o r  each sampl i ng  s i t e  ranged f rom a minimum o f  one 
day t o  a maximum o f  85 days and aver aged 53 days.
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RESULTS
S t a t i s t i c a l  summaries o f  t he  CO da t a  a r e  p r e s e n t e d  i n  
t h i s  c h a p t e r .  T a b l e  3 . 1  i s  a summary o f  t he  da t a  ga t h e r e d  
a t  the p r i ma r y  sampl i ng s i t e s  between 9 : 0 0  A.M.  and 12 : 00  
noon and between 1 : 0 0  P.M.  and 4 : 0 0  P.M.
TABLE 3.1
S t a t i s t i c a l  Summary o f  Carbon Monoxide Da t a ,  Pr i mar y  Sampl ing  
S i t e s ,  Morning and A f t e r n o o n  ( C o n c e n t r a t i o n s  a r e  in PPM)
S i t e s
1 2 3 4
Number o f  samples 28 2 1 29 25
S ma l l e s t  c o n c e n t r a t i o n 5 . 8 1 . 0 2 . 5 0 . 6
La r g es t  c o n c e n t r a t i o n 1 9 . 8 3 . 2 1 1 . 8 1 . 8
A r i t h m e t i c  mean 10 . 9 1 . 98 5 . 5 3 1 . 0 6
Standard d e v i a t i o n 3 . 4 7 .601 1 .92 . 290
Geomet r i c  mean 1 0 . 4 1 . 90 5 . 2 5 1 . 03
Geomet r i c  s t a nd a r d  
d e v i a t i o n
1 . 35 1 . 36 1 . 39 1.31
Conf i dence I n t e r v a l s  o f  
ge ome t r i c  mean (95% 
c o n f i d e n c e  l e v e l ,  
Sal t zman ( 1 9 7 2 ) )
+ 13% + 15% + 13% + 14%
Conf i dence  i n t e r v a l s  o f  
g e ome t r i c  mean (95%




- 1 1 . 8 %
+13.3%
- 1 0 . 
+ 1 1  .
c o n f i d e n c e  1 e v e l , 
Hunt ( 1 9 7 2 ) )
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Ta b l e  3 . 2  l i s t s  s t a t i s t i c a l  da t a  f o r  t he  two 2 4 - ho u r  
samples a t  S i t e s  1 and 3.
TABLE 3 . 2
S t a t i s t i c a l  Summary o f  Carbon Monoxide D a t a ,  Pr i mar y  Sampl ing  
S i t e s ,  2 4 - Hour  P e r i o d  ( C o n c e n t r a t i o n s  a r e  i n  PPM)
S i t e s
1 3
Number o f  1 - h r  samples 24 2 2
S m a l l e s t  c o n c e n t r a t i o n 2 . 5 1 . 0
L a r g e s t  c o n c e n t r a t i o n 1 9 . 4 6 . 9
A r i t h m e t i c  mean 9 . 2 0 3 . 9 5
St andard d e v i a t i o n 4 . 8 4 1 .92
Geomet r i c  mean 7 . 9 4 3 . 3 5
Geomet r i c  s t a nd a r d  d e v i a t i o n 1 . 7 8 1 . 9 2
Data ga t h e r e d  a t  F i sh  Cr e e k ,  Har per  B r i d g e ,  Orange S t r e e t  
t u n n e l ,  and t h e  shoppi ng c e n t e r  a r e  summarized in Ta b l e  3 . 3 .
The data  o b t a i n e d  on t r a n s e c t s  o f  t h e  c i t y  are  not  p r e ­
sent ed in t h i s  c h a p t e r  due t o  t he  l e n g t h y  n a t u r e  o f  t h e  d a t a .
A r e p r e s e n t a t i o n  o f  t h a t  d a t a ,  i n  t he  form o f  a c o n c e n t r a t i o n  
c ont our  map, i s  p r e s e n t e d  in Cha pt e r  4.
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TABLE 3 . 3
S t a t i s t i c a l  Summary o f  Carbon Monoxide Da t a ,  S i t e s  Ot her  Than 
Pr i mar y  S i t e s  { C o n c e n t r a t i o n s  a r e  i n  PPM)
S i t e s
Orange








Number o f  samples 13 4 1 1 7
S m a l l e s t  c o n c e n t r a t i o n 7 . 8 0 . 4 0 . 9 4 . 8
La r g e s t  c o n c e n t r a t i o n 4 5 . 5 1 . 0 2 . 4 6 . 1
A r i t h m e t i c  mean 2 7 . 2 . 70 1 . 4 8 5 . 3 6
St andard d e v i a t i o n 9 . 8 5 . 35 . 523 . 486
Geomet r i c  mean 25. 1 . 63 1 . 40 5 . 3 4
Geomet r i c  s t a nda r d 1 . 59 1 . 7 1 . 42 1 . 09
d e v i a t i o n
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CHAPTER 4 
DISCUSSION
CARBON MONOXIDE AND METEOROLOGICAL CONDITIONS
I t  i s  obvi ous t h a t  source s t r e n g t h  ( q u a n t i t y  o f  e mi s s i o n s )  
i s not  the  on l y  d e t e r m i n a n t  o f  p o l l u t a n t  c o n c e n t r a t i o n  a t  the  
r e c e p t o r ,  whet her  t h a t  r e c e p t o r  be a p e r s o n ' s  nose or  a CO 
a n a l y z e r .  M e t e o r o l o g i c a l  f a c t o r s  can do much t o enhance or  
depress CO l e v e l s  between sources and r e c e p t o r s .  McBr ide e t  
a l .  ( 1 9 7 2 )  p o s t u l a t e d  a p o l l u t i o n  p r e d i c t i o n  model f o r  the  
Mi ssoul a  V a l l e y  based on m e t e o r o l o g i c a l  c o n d i t i o n s  and v a l i ­
dated f o r  p a r t i c u l a t e  c o n c e n t r a t i o n s .  They found t h a t  hi gh  
p o l l u t i o n  l e v e l s  were a s s o c i a t e d  w i t h  low wind speed,  t e mp e r ­
a t u r e  i n v e r s i o n ,  z e r o  r a i n f a l l ,  and hi gh b a r o m e t r i c  p r e s s u r e .
Lacki ng t he  i n s t r u m e n t a t i o n  ne c e s s a r y  t o  measure m i c r o -  
m e t e o r o l o g i c a l  e f f e c t s ,  i t  was ne ces sar y  to use unpubl i s hed  
weat her  da t a  o b t a i n e d  a t  t he  U. S .  Weather  Bur ea u ' s  s t a t i o n  a t  
the Mi ssou l a  a i r p o r t .  S i nce t h i s  we a t h e r  s t a t i o n  is l o c a t e d  
s e v e r a l  m i l e s  to t he  west  o f  M i s s o u l a ,  one would expec t  t h a t  
i m p o r t a n t  m e t e o r o l o g i c a l  v a r i a b l e s  measured a t  the a i r p o r t  
coul d  g r e a t l y  d e v i a t e  f rom t hose  a c t u a l l y  e x i s t i n g  i n s i d e  the  
c i t y .  T o p o gr a ph i c a l  v a r i a t i o n s ,  both m a c r o - ( v a l l e y  c o n f i g ­
u r a t i o n )  and m i c r o - ( b u i l d i n g s ,  t r e e s ,  e t c . )  would a f f e c t  the
37
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d i r e c t i o n  and s t r e n g t h  o f  t he  wind a t  d i f f e r e n t  sampl i ng s i t e s  
(Ludwig e t  a l . ,  1 9 7 0 ) .  The m e t e o r o l o g i c a l  v a r i a b l e s  l e a s t  
l i k e l y  t o  var y  as a r e s u l t  o f  s e p a r a t i o n  o f  t he  measur i ng s i t e  
( we a t h e r  s t a t i o n )  f rom t he  sampl i ng  s i t e s  a r e  p r e s s u r e  and 
v i s i b i l i t y .
For  each hour  o f  CO s a mp l i n g ,  each o f  t he  above ment i oned  
m e t e o r o l o g i c a l  v a r i a b l e s  was o b t a i n e d .  Those m e t e o r o l o g i c a l  
da t a  a r e  r e cor de d  e v e r y  hour  on t he  hour  a t  t he  we a t he r  s t a t i o n ,  
and t he a r i t h m e t i c  mean o f  t he  v a l u e  o f  a v a r i a b l e  a t  the be ­
g i n n i n g  o f  an hour  and the  end o f  t h a t  hour  was taken to be 
the  r e p r e s e n t a t i v e  v a l u e  o f  t h a t  v a r i a b l e  f o r  t h a t  hour .
C o r r e l a t i o n  c o e f f i c i e n t s  were then c a l c u l a t e d  in an a t ­
tempt  t o  r e l a t e  CO l e v e l s  to the  m e t e o r o l o g i c a l  v a r i a b l e s  a t  
each s i t e .  The 95 p e r c e n t  c o n f i d e n c e  l e v e l  was used as the  
c r i t e r i o n  f o r  s t a t i s t i c a l  s i g n i f i c a n c e .
Te mpe r a t u r e :  S t a t i s t i c a l l y  s i g n i f i c a n t  p o s i t i v e  c o r r e l a ­
t i o n  c o e f f i c i e n t s  were o b t a i n e d  f o r  S i t e  1 in the  morning and 
a f t e r n o o n  sampl es .  S i t e  3 i n the  2 4 - h o u r  sampl e ,  and in the  
Orange S t r e e t  t u n n e l .  The c o r r e l a t i o n s  f o r  S i t e  3 and the  
Orange S t r e e t  t unne l  were p a r t i c u l a r l y  s t r o n g ,  w i t h  p l ess  
than .001 f o r  bo t h .  The r e l a t i o n s h i p  between t e mp e r a t u r e  and 
CO can be assumed to be p r i m a r i l y  c o i n c i d e n t a l ,  however .  The 
d a i l y  p a t t e r n  of  t e m p e r a t u r e  f l u c t u a t i o n  is me r e l y  a s s o c i a t e d  
w i t h  the d a i l y  p a t t e r n  o f  human a c t i v i t i e s  which ge n e r a t e  CO.
At mospher i c  p r e s s u r e :  I t  i s  r e a s o n a b l e  to e x p e c t  a
s t r o n g  p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t  between CO and a t ­
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mospher i c  p r e s s u r e ,  s i n c e  hi gh p r e s s u r e  systems are  accompanied  
by subs i dence  i n v e r s i o n s  and r e s u l t i n g  l i m i t e d  a t mospher i c  
mi x i n g  { H o l z w o r t h ,  1 9 7 2 ) .  In f a c t ,  such a r e l a t i o n s h i p  was 
not  e v i d e n t  in t h i s  s t u d y .  Three s t a t i s t i c a l l y  s i g n i f i c a n t  
c o r r e l a t i o n  c o e f f i c i e n t s  were found and two o f  t hose c o e f f i c i e n t s  
( i n  t he  Orange S t r e e t  t unne l  and a t  S i t e  3)  a r e  n e g a t i v e .  In 
both the  Orange S t r e e t  t unne l  and S i t e  3 ( downt own) ,  the  l i m i t e d  
mi x i n g  due to m i c r o t o p o g r a p h i c a l  f a c t o r s  domi nat es  the e f f e c t  
o f  hi gh p r e s s u r e  s ys t e ms ,  and t he  c o r r e l a t i o n  c o e f f i c i e n t s  b e ­
come m i s l e a d i n g .  A s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t  
was o b t a i n e d  a t  S i t e  4 ,  a c i t y  p a r k .
H u mi d i t y ;  The on l y  s i g n i f i c a n t  c o r r e l a t i o n  between the  
dew p o i n t  and CO l e v e l s  was found a t  t he  downtown s i t e  ( S i t e  
3)  on t h e  2 4 - h o u r  m o n i t o r i n g  p e r i o d .
Wind d i r e c t i o n :  C o r r e l a t i o n  c o e f f i c i e n t s  r e l a t i n g  wind
d i r e c t i o n  to  CO c o n c e n t r a t i o n s  were not  c a l c u l a t e d  due t o  t he  
d i f f e r e n c e s  between wind d i r e c t i o n  a t  t he  a i r p o r t  and wind  
d i r e c t i o n  a t  the  sampl i ng  s i t e s .  Such d i f f e r e n c e s  r e s u l t  
p r i m a r i l y  f rom v a r i e d  t o po g r a p h y .  I t  was n o t e d ,  however ,  
t h a t  wind d i r e c t i o n  may be one o f  t he  most i m p o r t a n t  m i c r o -  
m e t e o r o l o g i c a l  f a c t o r s  in t he  d e t e r m i n a t i o n  o f  CO c o n c e n t r a ­
t i o n s  a t  a r e c e p t o r .  F i g u r e  4 . 1  i s  i l l u s t r a t i v e  o f  t h i s  f a c t .  
F i g u r e  4 . 1  i s  t he  r e c o r d e r  c h a r t  showing CO c o n c e n t r a t i o n s  
over  a one hour p e r i o d  f rom 9 : 0 0  A.M.  t o  1 0 : 0 0  A.M.  on June 
29 ,  1973 a t  S i t e  1.  For  about  t he  f i r s t  35 mi nut es  o f  t h i s  
ho ur ,  a s l i g h t  wind ( a p p r o x i m a t e l y  one m . p . h . )  was bl owi ng
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f rom t he  west  ac ross  t he  t r a f f i c  toward t he  i n s t r u m e n t .  Dur ing  
t h i s  t i me  p e r i o d ,  t h e  CO l e v e l s  aver aged about  11 ppm. At  
about  9 : 3 5  A.M.  t he  wind s h i f t e d ,  r e s u l t i n g  in a wind f rom the  
e a s t  a t  about  one m . p . h .  and p l a c i n g  the  a n a l y z e r  upwind f rom 
t he  t r a f f i c  i n t e r s e c t i o n .  S i nce  t h e r e  a r e  no s t r o ng  CO sources  
to t he  e a s t  o f  S i t e  1 ,  t he  CO c o n c e n t r a t i o n  dropped a b r u p t l y  
to two ppm, a d e c r e as e  o f  a l mos t  90 p e r c e n t .
A s i m i l a r  s i t u a t i o n  was noted a t  S i t e  2 where the  mo n i t o r  
was g e n e r a l l y  upwind o f  t h e  o n l y  near by  s t r o ng  source (Brooks  
S t r e e t ) .  As a r e s u l t ,  CO l e v e l s  a t  S i t e  2 were near  background  
1 e v e l s .
These o b s e r v a t i o n s  a r e  in agreement  w i t h  P a no f s k y ' s  ( 1 9 6 9 )  
s t a t e me n t s  t h a t  wind d i r e c t i o n  i s  much more i m p o r t a n t  i n  s i t u ­
a t i o n s  i n v o l v i n g  p o i n t  sources than i t  i s  when one i s  c o n s i d ­
e r i n g  a r ea  sour ces .
Wind p a t t e r n s  a t  the  downtown s i t e  ( S i t e  3)  a r e  p a r t i c u ­
l a r l y  compl ex.  Ludwig and Dabberdt  ( 1 9 7 2 )  found t h a t  winds  
bl owi ng across t he  " s t r e e t  canyons"  g i v e  r i s e  t o  h e l i c a l  
c i r c u l a t i o n s  between b u i l d i n g s .
Wind v e l o c i t y :  Low wind v e l o c i t i e s  a r e  n o r ma l l y  a s s o­
c i a t e d  w i t h  poor  a t mo s p h e r i c  mi x i ng  s i t u a t i o n s  and e l e v a t e d  
a i r  p o l l u t i o n  l e v e l s ,  and hi gh winds a r e  f r e q u e n t l y  t hought  
t o  r e s u l t  i n low a i r  p o l l u t i o n  l e v e l s ,  an i n v e r s e  r e l a t i o n ­
sh i p  ( Pack ,  1 9 7 1 ) .  Two s t a t i s t i c a l l y  s i g n i f i c a n t  CO-wind 
v e l o c i t y  r e l a t i o n s h i p s  were noted in t h i s  s t udy .  At the  
downtown s i t e  ( S i t e  3 ) ,  a p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t
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was ob t a i n e d  f o r  t he  2 4 - h o u r  sampl e.  Thi s  is t he r e s u l t  not  
o f  e l e v a t e d  wind v e l o c i t i e s  i n c r e a s i n g  the  CO l e v e l s ,  but  
s i mpl y  o f  t he  f a c t  t h a t  winds were s t r o n g e r  dur i ng  the mi ddl e  
o f  t he  day,  when CO l e v e l s  were the  h i g h e s t ,  than t hey were 
dur i ng  the  n i g h t ,  when the  CO l e v e l s  were the l o w e s t .  Wi t hout  
doubt  t he  dayt i me CO l e v e l s  would have been much h i ghe r  had 
the winds been calm d u r i n g  t h a t  t i me p e r i o d  and a l l owed the  
a i r  to s t a g n a t e  between the b u i l d i n g s .  The o t h e r  s i g n i f i c a n t  
c o r r e l a t i o n  was a s t r ong  n e g a t i v e  c o r r e l a t i o n  c o e f f i c i e n t  a t  
the  c i t y  park ( S i t e  4 ) .
P r e c i p i t a t i o n :  The sampl i ng p e r i o d  f o r  t h i s  s t udy ,  Summer
1973,  was one o f  t he  d r i e s t  p e r i o d s  in the  h i s t o r y  o f  M i s s o u l a ,  
Montana.  Rain f e l l  on l y  once du r i n g  t he course o f  sampl ing  
and t h a t  was a t  the  downtown s i t e  ( S i t e  3)  du r i ng  the e a r l y  
morning hours o f  t he  2 4 - hour  sampl e.  As a r e s u l t ,  l i t t l e  can 
be sa i d o f  s t a t i s t i c a l  s i g n i f i c a n c e .
V i s i b i l i t y :  V i s i b i l i t y  i s  i t s e l f  a measure o f  the p a r ­
t i c u l a t e  l o a d i n g  o f  the  l ower  a t mospher e ,  a t  l e a s t  dur i ng  the  
d a y l i g h t  hours when t h e r e  i s  no fog or  o t h e r  p r e c i p i t a t i o n .
One woul d,  t h e r e f o r e ,  expec t  a p o s i t i v e  r e l a t i o n s h i p  between 
v i s i b i l i t y  and CO. Such a c o r r e l a t i o n  was found onl y  f o r  the  
c i t y  park ( S i t e  4 ) ,  however .  The c o r r e l a t i o n  c o e f f i c i e n t  a t  
t h a t  s i t e  was n e g a t i v e ,  i n d i c a t i n g  t h a t  as v i s i b i l i t y  decreased  
CO l e v e l s  i n c r e a s e d .
Whi l e  the above de s c r i b e d  r e l a t i o n s h i p s  o f  m e t e o r o l o g i c a l  
v a r i a b l e s  and CO do n o t ,  in g e n e r a l ,  show the s t rong c o r r e l a ­
t i o n s  one mi ght  expect  on t he  bas i s  o f  a t mospher i c  d i f f u s i o n
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t h e o r y ,  t he  c i t y  park  s i t e  ( S i t e  4 )  d i d  e x h i b i t  the expect ed  
c o r r e l a t i o n s .  At  the  park a s t a t i s t i c a l l y  s i g n i f i c a n t  p o s i t i v e  
c o r r e l a t i o n  c o e f f i c i e n t  was found r e l a t i n g  CO to a t mospher i c  
pr es s ur e  and i n v e r s e  c o r r e l a t i o n s  were found f o r  v i s i b i l i t y  
and wind v e l o c i t y .  No r e l a t i o n s h i p  was found r e l a t i n g  CO to  
t e mp e r a t u r e  or  dew p o i n t .  Thus,  i t  appears t h a t  the presence  
of  s t r ong  CO sources a t  the o t h e r  s i t e s  obscures the i n f l u e n c e  
o f  m e t e o r o l o g i c a l  v a r i a b l e s .
CARBON MONOXIDE AND TRAFFIC
Si nce the p r i ma r y  source o f  CO in urban l o c a l i t i e s  is  
the i n t e r n a l  combust ion e n g i n e ,  t he  e f f e c t s  o f  au t omobi l e  
t r a f f i c  would be expect ed to s t r o n g l y  i n f l u e n c e  t he ambient  
CO c o n c e n t r a t i o n s .  Whi l e  such an i n f l u e n c e  was g e n e r a l l y  
noted i n  the s t u d y ,  p a r t i c u l a r l y  a t  S i t e  1,  i t  was found t h a t  
mi c r o m e t e o r o l o g i c a l  v a r i a b l e s  were f r e q u e n t l y  o f  g r e a t e r  s i g ­
n i f i c a n c e ,  e s p e c i a l l y  when t h e r e  was on l y  one p o i n t  or  l i n e  
source a t  a sampl i ng s i t e .  As a r e s u l t ,  c o r r e l a t i o n s  between 
CO and t r a f f i c  d e n s i t y  were found not  to be s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  the  95 p e r c e n t  c o n f i d e n c e  l e v e l  a t  the f r e e -  
f l o w i n g  t r a f f i c  s i t e  ( S i t e  2)  and a t  t he  downtown s i t e  ( S i t e  
3)  dur i ng  the normal  mi d- day  sampl i ng t i me s .  Si nce the c i t y  
park s i t e  ( S i t e  4)  was somewhat removed f rom the s t r e e t s ,  
t r a f f i c  counts were not  made t h e r e .  I t  i s ,  however ,  p o s s i b l e  
to suggest  causes f o r  the  poor  c o r r e l a t i o n s  a t  S i t e s  2 and 3.
At S i t e  2 the  a n a l y z e r  was on the west  s i d e  o f  t he s t r e e t  and
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upwind o f  the l i n e  so ur c e ,  Brooks S t r e e t .  (See the S i t e  Des­
c r i p t i o n s  s e c t i o n  f o r  more d e t a i l s  o f  t hese  sampl ing l o c a t i o n s . )  
Thus,  t he  sampled a i r  was i ndependent  o f  the t r a f f i c  d e n s i t y  
t h a t  was measured.  At  S i t e  3 t he  poor c o r r e l a t i o n  may have 
been due t o  t he  f a c t  t h a t  t he  a n a l y z e r  was in the mi ddl e  of  
a l a r g e  ar ea  s o u r c e ,  t h a t  be i ng the e n t i r e  downtown s e c t i o n .
The t r a f f i c  a l ong Hi gg i ns  S t r e e t  t h a t  was counted mi ght  not  
have gi ven an a c c u r a t e  i ndex o f  the  a c t u a l  number o f  v e h i c l e s  
in o p e r a t i o n  in t he  downtown a r e a .  In both cases e i t h e r  the  
t r u e  sources o f  the  CO were not  c o mp l e t e l y  counted or t h e r e  
was no r e l a t i o n s h i p  between the measured t r a f f i c  and CO den­
s i t i e s .
F i gur es  4 . 2 ,  4 . 3 ,  and 4 . 4  r e l a t e  CO c o n c e n t r a t i o n s  and 
t r a f f i c  i n t e n s i t y  to t i me o f  day a t  S i t e s  1,  3,  and the  Orange 
S t r e e t  t u n n e l ,  r e s p e c t i v e l y .
F i gu r e  4 . 5  i s  a graph o f  t he best  f i t  l e a s t  squares l i n e s  
t h a t  r e l a t e  CO and t r a f f i c  d e n s i t y  f o r  t hose c o r r e l a t i o n s  t h a t  
were s i g n i f i c a n t  a t  the  95 p e r c e n t  c o n f i d e n c e  l e v e l .  Of some 
i mpor tance is t he f a c t  t h a t  the t h r e e  l i n e s  f o r  the  o p e n - a i r  
s i t e s  have very  s i m i l a r  s l o p e s .  In p a r t i c u l a r ,  the 24 - hour  
samples a t  S i t e s  1 and 3 a r e  v e r y  c l os e  to be i ng p a r a l l e l .
This i m p l i e s  t h a t  the  e x t e n t  o f  a t mospher i c  d i s p e r s i o n  a t  the  
two s i t e s  i s  n e a r l y  the  same. The l i n e  i l l u s t r a t i n g  C O - t r a f f i c  
r e l a t i o n s h i p s  in the Orange S t r e e t  t unne l  i s  much s t e e p e r ,  
however ,  i n d i c a t i n g  t h a t  d i s p e r s i o n  o f  the CO in the tunnel  
i s  g r e a t l y  reduced r e l a t i v e  t o  the  o p e n - a i r  s i t e s .





























































Carbon Monoxide and T ra ffic  - Russell, South, and Brooks Streets 































































Carbon Monoxide and T ra f f ic  - Main and Higgins S treets 





























































































T r a f f i c  -  vehicles/hour
Figure 4.5
S t a t i s t i c a l l y  S i gni f i cant  Carbon Monoxide -  T r a f f i c  Relat ionships
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The CO c o n c e n t r a t i o n s  d e t e r m i n e d  i n  t he  shoppi ng c e n t e r  
were un i que  i n  t h a t  t h e r e  was l i t t l e  v a r i a b i l i t y  i n  t h e  h o u r l y  
a v e r a g e s .  The mean v a l u e  was 5 . 3  ppm and t he  ex t r eme v a l u e s  
were 4 . 8  ppm and 6 . 1  ppm. Th i s  i s  a t t r i b u t e d  t o  t he  i n s t r u ­
me n t ' s  be i ng  s e v e r a l  hundred f e e t  f rom t h e  s t r e e t  and t he  low 
t r a f f i c  f l o w  i n s i d e  t h e  shoppi ng c e n t e r ' s  p a r k i n g  l o t .
Perhaps t h e  be s t  o v e r v i e w  o f  C O - t r a f f i c  r e l a t i o n s h i p s  is  
p r o v i d e d  by t h e  t r a n s e c t  d a t a .  From t h i s  d a t a ,  a co n t o u r  map.  
F i g u r e  4 . 6 ,  was made by t r a n s f e r r i n g  t he  CO c o n c e n t r a t i o n s  f rom 
a map t o  a b l a n k  s h e e t  o f  p a p e r ,  d r a wi n g  i n  l i n e s  o f  equal  
c o n c e n t r a t i o n ,  and t hen t r a n s f e r r i n g  t h e  c o n t o u r  l i n e s  back  
to a M i s s o u l a  map.
The a c c u r a c y  o f  such a map w i l l  depend h e a v i l y  on two 
v a r i a b l e s :
1.  The a c c u r a c y  o f  t he  t r a n s e c t  d a t a .  Given t he  i n ­
he r e n t  v a r i a b i l i t y  o f  a mb i e n t  CO c o n c e n t r a t i o n s ,  one mi ght  
l o g i c a l l y  q u e s t i o n  g r i d  i n t e r s e c t i o n  v a l u e s  based on o n l y  two 
samples a t  each s i t e .  The p r i m a r y  c r i t e r i a  used in t h i s  s t udy  
f o r  d e c i d i n g  w h e t h e r  t o  a c c e p t  or  r e j e c t  t r a n s e c t  dat a  in i t s  
e n t i r e t y  was w h e t h e r  t h e  f i r s t  s e t  o f  t r a n s e c t  da t a  would  
c o r r e l a t e  w i t h  t h e  second s e t  o f  t r a n s e c t  da t a  a t  the 95 p e r ­
c e n t  c o n f i d e n c e  l e v e l .  A s t r o n g  c o r r e l a t i o n  was found and 
t he  da t a  was a c c e p t e d .
2.  The " c o a r s e n e s s "  o f  t he  d a t a .  O b v i o u s l y ,  a l a r g e  
number o f  da t a  p o i n t s  on a g i v e n  map w i l l  e n a b l e  one t o  draw 
more p r e c i s e  c o n t o u r  l i n e s  t han  one co u l d  w i t h  f e we r  da t a




Contour Map of  Carbon Monoxide Concentrations from Noon to 1:00 P.M. ,  
Weekdays (contour interval s are in ppm)
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p o i n t s .  The number o f  da t a  p o i n t s  i n t h i s  s t udy  was l i m i t e d  
by t he  f a c t  t h a t  o n l y  f o u r  s i t e s  can be c o m p l e t e l y  sampled i n  
an a v e r a g e  day.  Time c o n s t r a i n t s  p r e v e n t e d  t h e  sampl i ng  o f  
more t han  82 s i t e s .
The c o n t o u r  map shows f o u r  s t r o n g  " i s l a n d s "  o f  h i gh con­
c e n t r a t i o n  ;
1.  In t h e  downtown a r e a .
2.  S u r r o u n d i n g  t h e  i n t e r s e c t i o n  o f  Broadway and Rus s e l l  
S t r e e t s .
3.  At  t h e  n o r t h  end o f  Brooks S t r e e t  ne ar  t he  i n t e r s e c ­
t i o n  w i t h  H i g g i n s  S t r e e t .
4 .  Along Brooks S t r e e t  ne a r  t he  i n t e r s e c t i o n  w i t h  Rus se l l  
and South S t r e e t s .
A " r i d g e "  o f  r e l a t i v e l y  h i gh CO c o n c e n t r a t i o n  a l s o  ex t ends  
a l ong  t h e  west  end o f  T h i r d  S t r e e t .
R e l a t i v e l y  u n i f o r m ,  low c o n c e n t r a t i o n s  domi nat e  t hose  
ar eas  where t r a f f i c  d e n s i t y  i s  l o w.  The e x i s t e n c e  o f  a s i m i l a r  
un i f o r m urban background c o n c e n t r a t i o n  was obser ved by O t t  and 
E l i a s s e n  ( 1 9 7 3 )  i n  San J o s e ,  C a l i f o r n i a .
F i g u r e  4 . 7  i s  a map o f  M i s s o u l a  w i t h  d a i l y  t r a f f i c  counts  
super i mposed on t he  s t r e e t s .  I t  shoul d  be r e a d i l y  a p p a r e n t  
t h a t  the  i s l a n d s  o f  h i gh  CO c o n c e n t r a t i o n s  on t he  c o n t o u r  map 
a r e  c l o s e l y  a s s o c i a t e d  w i t h  h i gh  t r a f f i c  vol umes.
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Figure 4.7
Average Dai ly Tr a f f i c  (1972)
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BACKGROUND CONCENTRATIONS AND INDUSTRIAL SOURCES
Background CO c o n c e n t r a t i o n s  were d e t e r mi n e d  a t  F i sh  Creek  
on two s e p a r a t e  days .  The mean c o n c e n t r a t i o n  was 0 . 7  ppm w i t h  
a minimum o f  0 . 4  ppm. I t  i s  p o s s i b l e  t h a t  t hes e  v a l ue s  a r e  
somewhat  h i g h e r  t han  i n  most  summers due t o  t h e  a b n o r m a l l y  
l a r g e  number o f  f o r e s t  f i r e s  i n  w e s t e r n  Montana d u r i n g  Summer
1973 .  Only f o u r  o n e - h o u r  sampl es were c o l l e c t e d  a t  F i sh  Creek  
in t he  two sa mpl i ng  days .  Very  h i gh a f t e r n o o n  t e mp e r a t u r e s  
caused s i g n i f i c a n t  z e r o  d r i f t ,  and t he  a f f e c t e d  d a t a  were  
d i s c a r d e d .
A t o t a l  o f  11 o n e - h o u r  samples were c o l l e c t e d  a t  H a r p e r ' s  
Br i dge  on two s e p a r a t e  days .  The mean CO c o n c e n t r a t i o n  was 
1 . 5  ppm, and t he  r ange  was f rom 0 . 9  ppm to 2 . 4  ppm. ( F or  
c o m p a r a t i v e  p u r p o s e s ,  t h e  h i g h e s t  v a l u e  e v e r  r e cor ded  a t  the  
c i t y  pa r k  s i t e  was 1 . 8  ppm. )  A " t "  t e s t  was made to d e t e r m i n e  
whet her  t h e  mean c o n c e n t r a t i o n  o f  CO a t  H a r p e r ' s  Br i dge  was 
s i g n i f i c a n t l y  h i g h e r  t han  t h e  background l e v e l s  a t  F i sh  Creek  
w i t h  a = 0 . 0 5 ,  and a s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  was 
f ound.  These e l e v a t e d  l e v e l s  a r e  a t t r i b u t e d  t o  the  Hoerner  
Wa l d o r f  k r a f t  pu l p  m i l l  l o c a t e d  two m i l e s  f rom H a r p e r ' s  B r i d g e .
CARBON MONOXIDE AND PARTICULATE
A h i g h - v o l u me  s a mp l e r  was o p e r a t e d  s i m u l t a n e o u s l y  w i t h  
t he  CO m o n i t o r  a t  t h e  p r i m a r y  s a mp l i ng  s i t e s .
The t o t a l  p a r t i c u l a t e  t h a t  was c o l l e c t e d  on t he  f i l t e r
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paper  was measured by w e i g h i n g  t h e  f i l t e r  b e f o r e  and a f t e r  
f i l t r a t i o n .  From each f i l t e r ,  a squar e  was removed and a n a l ­
yzed c o l o r i m e t r i c a l l y  f o r  l e a d  by c o m p l e x a t i o n  w i t h  d i t h i z o n e .
F i g u r e s  4 . 8  and 4 . 9  d e p i c t  CO and p a r t i c u l a t e  l e a d  l e v e l s  
f o r  t h e  two 2 4 - h o u r  sa mpl es .  F i g u r e  4 . 1 0  shows the  two l i n e a r  
l e a s t  squar e  l i n e s  f i t t e d  t o  t h e  CO and p a r t i c u l a t e  l e a d  d a t a .  
F i g u r e s  4 . 1 1  and 4 . 1 2  a r e  graphs o f  t h e  CO and t o t a l  p a r t i c u ­
l a t e  l e v e l s  f o r  t he  two 2 4 - h o u r  sa mpl e s ,  and F i g u r e  4 . 1 3  shows 
t he  l i n e a r  l e a s t  squar es  l i n e s  f o r  the  CO and t o t a l  p a r t i c u l a t e  
d a t a .
S t r o n g  c o r r e l a t i o n s  were found r e l a t i n g  CO to t o t a l  p a r ­
t i c u l a t e .  The graph o f  be s t  f i t  l i n e s  shows s t a t i s t i c a l l y  
s i g n i f i c a n t  a s s o c i a t i o n s  a t  t he  95 p e r c e n t  c o n f i d e n c e  l e v e l  
f o r  the  da t a  f rom s i x  o f  t h e  seven s a mpl i ng  s i t e s  ( S i t e  4 ,  
t he  c i t y  p a r k ,  be i ng  t h e  e x c e p t i o n ) .  S i nc e  CO and urban l ead  
have common s o u r c e s ,  one woul d e x p e c t  t o  f i n d  a ve r y  c l o s e  
a s s o c i a t i o n  between t h e  two p o l l u t a n t s  (Landau e t  a l . ,  1 9 6 9 ) .  
S u r p r i s i n g l y ,  howev er ,  t h e  c o r r e l a t i o n s  between CO and p a r t i c ­
u l a t e  l e a d  were much w e a k e r ,  and o n l y  t h e  da t a  f rom two o f  
t he  s i t e s  showed a s t a t i s t i c a l l y  s i g n i f i c a n t  a s s o c i a t i o n .
STATI STI CAL PROJECTIONS
From 1961 t o  1968 t h e  N a t i o n a l  A i r  P o l l u t i o n  Cont r o l  
A d m i n i s t r a t i o n  m o n i t o r e d  CO and o t h e r  a i r  p o l l u t i o n  conce n­
t r a t i o n s  on a c o n t i n u o u s  b a s i s  i n  e i g h t  ma j or  c i t i e s  i n  a 
program known as t h e  Cont i nu ous  A i r  M o n i t o r i n g  Program (CAMP).











































Carbon Monoxide and Lead - Russe ll, South, and Brooks Streets
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Carbon Monoxide and Lead - Main and Higgins S treets
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Carbon Monoxide and Total P articu la te  - Russell, South, and Brooks Streets


















































































Carbon Monoxide and Total P a rtic u la te  - Main and Higgins S treets
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Figure 4.13Statistically Significant Carbon Monoxide - Total Particulate Relationships
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When t h e  c o n c e n t r a t i o n s  o f  a i r  p o l l u t a n t s  were t a b u l a t e d  f o r  
each CAMP s i t e ,  i t  was not ed t h a t  the  v a l u e s  were d i s t r i b u t e d  
in a l ognor mal  manner ,  i . e . ,  t h e  l o g a r i t h m s  o f  the  a i r  p o l ­
l u t i o n s  c o n c e n t r a t i o n s  were n o r m a l l y  d i s t r i b u t e d  ( U . S .  Dept ,  
o f  H . E . W . ,  1 9 7 0 ) .  Larsen ( 1 9 7 1 )  u t i l i z e d  t he  d i s t r i b u t i o n a l  
c h a r a c t e r i s t i c s  o f  a i r  p o l l u t a n t  c o n c e n t r a t i o n s  to de ve l o p  a 
s t a t i s t i c a l  p r o c e d u r e  f o r  p r o j e c t i n g  maximum annual  c o n c e n t r a ­
t i o n s  t o  be e x p e c t e d  based on n o n - c o n t i n u o u s  d a t a .  The s t a ­
t i s t i c a l  t r e a t m e n t  i s  a p p l i e d  t o  t he  da t a  o b t a i n e d  i n  t h i s  
s t ud y  i n o r d e r  t o  make annual  p r o j e c t i o n s .  A d e t a i l e d  d e s ­
c r i p t i o n  o f  t h e  f o r m u l a s  used i s  p r e s e n t  i n the  Appendi x .
Wh i l e  t h e  s t a t i s t i c a l  p r o j e c t i o n  o f  CO da t a  i s  r a t h e r  
compl ex ,  i t  i s  h i g h l y  amenabl e t o  c a l c u l a t i o n  on a d i g i t a l  
c omput e r .  For  t h e  purposes o f  t h i s  s t udy  a program was w r i t ­
t en in BASIC l a ngua ge  and run on t h e  U n i v e r s i t y  o f  Mont ana ' s  
Decsystem 10 comp ut e r .
Fundamental  as sumpt i ons  made i n  t h e s e  c a l c u l a t i o n s  were  
as f o l l o w s :
1.  The d a t a  a r e  t y p i c a l  o f  l a t e  morni ng and e a r l y
a f t e r n o o n  l e v e l s  ( 8 : 0 0  A. M.  -  4 : 0 0  P . M . )  Monday t hrough F r i d a y
2.  The d a t a  a r e  t y p i c a l  o f  annual  a v e r a g e s ,  i . e . ,
seasonal  f l u c t u a t i o n s  a r e  n e g l e c t e d .
3.  Each day i s  composed o f  e i g h t  o n e - h o u r  a v e r a g i n g
p e r i o d s  and one e i g h t - h o u r  a v e r a g i n g  p e r i o d .
P r i o r  to making any c a l c u l a t i o n s ,  one p r e r e q u i s i t e  f o r  
s t a t i s t i c a l  p r o j e c t i o n s  had t o  be c o n f i r m e d :  t h e  da t a  f o r
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each s i t e  must  be l o g n o r m a l l y  d i s t r i b u t e d .  To e s t a b l i s h  
w h e t h e r  t h i s  i s  so or  n o t ,  a c h i - s q u a r e  t e s t  f o r  goodness o f  
f i t  was c a l c u l a t e d  f o r  each s i t e .  For  a = 0 . 0 5 ,  i t  was found  
t h a t  t h e  da t a  f o r  S i t e s  1 ,  2 , and 4 were l o g n o r m a l l y  d i s t r i ­
but ed  ( t h e  l o g a r i t h m s  o f  t h e  c o n c e n t r a t i o n s  were n o r m a l l y  
d i s t r i b u t e d ) .  S i t e  3 d a t a  i s  l o g n o r m a l l y  d i s t r i b u t e d  f o r  a = 
0 . 1 0 .
The p e r t i n e n t  s t a t i s t i c a l  c a l c u l a t i o n s  f o r  each s i t e  a r e  
summar i zed i n  T a b l e  4 . 1 .
TABLE 4 . 1
S t a t i s t i c a l  P r o j e c t i o n s  Based on Sampl i ng f rom t h e  Pr i mar y
Sampl i ng S i t e s
Si t es  
2 3 4
p r o j e c t e d  8 - h o u r
maximum conc.  (ppm) 2 3 . 4 3 . 8 1 4 . 6  2 . 1
p r o j e c t e d  1 - h o u r
maximum conc.  (ppm) 31 . 0 4 . 8 6 2 1 . 0  2 . 7
From t he  s t a n d p o i n t  o f  annual  maximum c o n c e n t r a t i o n s ,  
the  p r o j e c t i o n s  i n d i c a t e  t h a t  t h e  f e d e r a l  one - h o u r  maximum 
c o n c e n t r a t i o n  o f  35 ppm w i l l  not  be reached a t  any s i t e ,  a l ­
though S i t e  1 appr oac hes  t h a t  v a l u e .  The f e d e r a l  e i g h t - h o u r  
s t a n d a r d  w i l l  be exceeded a t  both S i t e  1 and S i t e  3 ,  however .  
Using t h e  e q u a t i o n  f o r  p l o t t i n g  f r e q u e n c y  and s o l v i n g  f o r  the  
rank  o r d e r ,  i t  i s  p o s s i b l e  t o  e s t i m a t e  how o f t e n  v i o l a t i o n s
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o f  t h e  e i g h t - h o u r  s t a n d a r d  w i l l  oc c ur  a t  t hose  two s i t e s .  At  
S i t e  1 ,  a minimum o f  129 v i o l a t i o n s  shoul d  be expe c t e d  t o  occur  
ou t  o f  a p o s s i b l e  260 a v e r a g i n g  p e r i o d s ,  or  a t  l e a s t  50 p e r c e n t  
o f  t h e  t i m e .  At  S i t e  3 ,  15 v i o l a t i o n s  shoul d  be ex pec t e d  out  
o f  260 p o s s i b l e  a v e r a g i n g  p e r i o d s ,  or  5 . 8  p e r c e n t  o f  t he  t i m e .  
These e s t i m a t e s  shou l d  be c o n s i d e r e d  c o n s e r v a t i v e  because t he  
p r o j e c t i o n s  c o n s i d e r  o n l y  t h e  t i me  p e r i o d  o f  8 : 0 0  A.M.  t o  4 : 0 0  
P. M.  E x a m i n a t i o n  o f  F i g u r e s  4 . 2  and 4 . 3  show t h a t  s u b s t a n t i a l  
t r a f f i c  f l o w s  oc c ur  o u t s i d e  t h e  c o n s i d e r e d  d a i l y  t i me p e r i o d .
The above p r o j e c t i o n s  appe a r  t o  be s u b s t a n t i a t e d  by sam­
p l i n g  a t  S i t e s  1 and 3 .  Wh i l e  no v i o l a t i o n s  o f  t h e  e i g h t - h o u r  
s t a n d a r d  were measured d u r i n g  t h e  2 4 - h o u r  sample a t  S i t e  3 ,  
e i g h t  o f  t h e  17 e i g h t - h o u r  p e r i o d s  a t  S i t e  1 had a ver age s  in  
excess o f  9 . 0  ppm. Of t hose  e i g h t  l e v e l s ,  t he  two h i g h e s t  
were 1 3 . 6  ppm and 1 3 . 0  ppm. For  a compar i son w i t h  o t h e r  c i t i e s ,  
see T a b l e  4 . 2 .  Wh i l e  M i s s o u l a  i s  a much s m a l l e r  c i t y  than most  
o f  t he  c i t i e s  l i s t e d  i n  Ta b l e  4 . 2 ,  o n l y  I n d i a n a p o l i s ,  C l e v e l a n d ,  
and El Paso,  Texas had h i g h e r  e i g h t - h o u r  a v e r a g e s .
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TABLE 4 . 2
Carbon Monoxi de C o n c e n t r a t i o n s  f o r  S e l e c t e d  C i t i e s
( U . S . E . P . A . ,  1 9 7 2 )
Cl t y
No. o f  
8 - h o u r  
a v e r a ge s
No. o f  t i mes  




h i g h e s t  
1 e v e l s
J a c k s o n v i l l e ,  F l a . 1325 0 8 . 6 8 . 4
I n d i a n a p o l i s ,  I n d . 1932 31 1 6 . 5 1 6 . 3
Des Mo i ne s ,  Iowa 2091 0 4 . 3 4 . 2
W i c h i t a ,  Kansas 1977 0 5 . 2 5.1
L o u i s v i l l e ,  Kent ucky 1570 6 1 0 . 8 1 0 . 5
Omaha, Nebraska 1830 0 6 . 9 6 . 8
A l b u q u e r q u e ,  N.M. 1435 0 7 . 8 7 . 6
A l b u q u e r q u e ,  N.M. 2244 0 6 . 1 6 . 0
R o c h e s t e r ,  N . Y . 2591 24 1 2 . 1 1 1 . 8
C h a r l o t t e ,  N. C. 1673 6 9 . 5 9 . 4
C l e v e l a n d ,  Ohio 1469 19 1 8 . 9 1 8 . 8
Columbus,  Ohio 2506 0 6 . 3 6 . 0
Day t on ,  Ohio 2520 1 0 9 . 8 9 . 7
Oklahoma C i t y ,  O k l a . 2147 1 2 1 0 . 3 1 0 . 2
T u l s a ,  Oklahoma 1375 0 8 . 8 8 . 3
San Juan,  P. R. 994 0 7 . 9 7 . 4
Memphis,  Tenn. 2088 0 5 . 3 5 . 2
N a s h v i l l e ,  Tenn. 1126 2 9 . 5 9 . 4
A u s t i n ,  Texas 1745 0 4 . 3 4 . 2
Corpus C h r 1s t i ,  T e x . 1584 0 6 . 0 5 . 9
D a l l a s ,  Texas 2037 14 1 2 . 6 1 2 . 1
El Paso,  Texas 2197 126 1 5 . 0 1 4 . 7
Houston,  Texas 1043 0 4 . 8 4 . 6
Houston,  Texas 1190 0 6 . 1 5 . 9
San A n t o n i o ,  Texas 2134 0 4 . 5 4 . 4
N o r f o l k ,  V i r g i n i a 453 0 8 . 6 7 . 6
Richmond,  V i r g i n i a 1629 0 8 . 2 8 . 1
S e a t t l e ,  Washi ngt on 2086 0 7 . 9 7 . 8
Mi l wa uk e e ,  Wis. 1475 0 7 . 3 7 . 2
New O r l e a n s ,  La. 1616 4 1 0 . 0 9 . 7
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CHAPTER 5 
RECOMMENDATIONS
R e c o g n i z i n g  t h a t  carbon monoxide c o n c e n t r a t i o n s  i n  t he  
M i s s o u l a  V a l l e y  exceed f e d e r a l  e i g h t - h o u r  p r i m a r y  and secondary  
s t a n d a r d s ,  t he  f o l l o w i n g  recommendat i ons a r e  made to reduce  
e mi s s i o n s  :
1.  A l t e r n a t i v e  modes o f  t r a n s p o r t a t i o n  shoul d be d e v e l ­
oped in t h e  M i s s o u l a  V a l l e y .  Such a l t e r n a t i v e s  t o  the  p r i v a t e  
i n t e r n a l  combust i on e n g i n e  shoul d  i n c l u d e  b i c y c l e  pathways and 
mass t r a n s i t  sy s t ems.
2 .  E x i s t i n g  t r a f f i c  f l o w  p a t t e r n s  shoul d be m o d i f i e d
so as t o  r educe  a u t o m o b i l e  i d l e  t i m e  and p r o v i d e  s t eady  t r a f f i c  
f l o w s .
3 .  Carbon monoxide m i n i m i z a t i o n  shoul d be a p r i ma r y  ob­
j e c t i v e  o f  t he  d e s i g n  and c o n s t r u c t i o n  o f  p h y s i c a l  s t r u c t u r e s  
and t r a f f i c  c o n t r o l  d e v i c e s .
4.  The s t a t e  and c i t y  shoul d  adopt  a u t o mo b i l e  i n s p e c t i o n  
pr ocedur es  to i n s u r e  t h a t  emi ss i on  c o n t r o l  de v i c e s  and exhaust  
systems a r e  p r o p e r l y  m a i n t a i n e d .
5.  Deve l opment  o f  t h e  M i s s o u l a  V a l l e y  t h a t  would con­
c e n t r a t e  a u t o m o b i l e  d e n s i t y  s hou l d  be d i s c o u r a g e d .
6 . Carbon monoxi de e mi s s i o n s  shoul d be reduced a t  t he  
Hoerner  W a l d o r f  p u l p  m i l l .
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APPENDIX
In a manner  ana l ogous  t o  t h a t  used to d e s c r i b e  a normal  
d i s t r i b u t i o n ,  a l ognor mal  d i s t r i b u t i o n  i s  d e s c r i b e d  by the  
g e o m e t r i c  mean and g e o m e t r i c  s t a n d a r d  d e v i a t i o n  ( ma t h e ma t i c a l
v a r i a b l e s  a r e  d e f i n e d  o n l y  once un l e s s  t h e r e  i s  a v a r i a t i o n
i n  t h e i r  u s e ) :
mg = exp ^  ( A . l )
wher e :  mg = t h e  g e o m e t r i c  mean
c = t h e  sample c o n c e n t r a t i o n
n = t he  number o f  v a l u e s  i n  t he  sample
Sg = exp Z ( l n c  -  Inmg)
0 . 5
( A . 2)n -  1
where :  Sg = t h e  g e o m e t r i c  s t a n d a r d  d e v i a t i o n
Whi l e  t h e  above two e q u a t i o n s  d e s c r i b e  t he  sample d i s t r i b u t i o n ,  
a t h e o r e t i c a l  annual  d i s t r i b u t i o n  f o r  the  same a v e r a g i n g  t i me  
can be p r o j e c t e d  i n  o r d e r  t o  c a l c u l a t e  the h i g h e s t  ex pec t e d  
annual  c o n c e n t r a t i o n ,  by:
0 . 5
Sg = exp < z ( A . 3)
where Sg = g e o m e t r i c  s t a n d a r d  d e v i a t i o n  o f  the  annual  
di  s t r i  b u t i  on
c = t he  h i g h e s t  measured v a l u e  i n the  sample
m = t he  a r i t h m e t i c  mean o f  the  sample
z = t he  number o f  d e v i a t i o n s  f rom t he  median
o f  t h e  s a mp l i ng  f r e q u e n c y
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The v a l u e  o f  z i s  found f rom t h e  f o l l o w i n g  e m p i r i c a l l y  d e r i v e d  
e q u a t i o n  :
f  = 100% r  -  ■4 ( A . 4 )
wher e :  f  = t h e  p l o t t i n g  p o s i t i o n  f r e q u e n c y ,  in p e r c e n t
r  = t he  rank  o r d e r  (one i n t h i s  case)
n = t he  number o f  c o n c e n t r a t i o n  va l ue s
Th i s  f r e q u e n c y  can be c o n v e r t e d  i n t o  a d i s t a n c e  f rom the  
median i n  d e v i a t i o n s  t h r o u g h  t h e  use o f  s t a n d a r d  s t a t i s t i c a l  
t a b l e s .  The p r o j e c t e d  annual  g e o m e t r i c  mean can be c a l c u l a t e d
as :
Mg = c / SgZ ( A . 5)
where :  c = t h e  h i g h e s t  measured v a l u e  in t h e  sample
Sg = t h e  g e o m e t r i c  s t a n d a r d  d e v i a t i o n  f o r  the  
annual  d i s t r i b u t i o n
The e x p e c t e d  annual  maximum c o n c e n t r a t i o n  may now be c a l c u l a t e d
Cmax = «559^ ( A . 6 )
where:  z = t h e  number o f  d e v i a t i o n s  f rom the median of
t h e  f r e q u e n c y  o f  t h e  p o s s i b l e  number o f
sampl es i n  a y e a r
The above d e s c r i p t i o n  o f  a p r o j e c t e d  annual  d i s t r i b u t i o n  i s
f o r  the same a v e r a g i n g  t i me  as t he  one ov er  whi ch the samples
a r e  measured (one hour  i n  t h i s  s t u d y ) .  Knowing t he  annual
d i s t r i b u t i o n  c h a r a c t e r i s t i c s  f o r  one a v e r a g i n g  t i m e ,  however ,
enab l es  one to c a l c u l a t e  t he  d i s t r i b u t i o n a l  c h a r a c t e r i s t i c s
f o r  a n o t h e r  a v e r a g i n g  t i me  ( e i g h t  hours i n  t h i s  s t u d y ) .  The
r e q u i r e d  g e o m e t r i c  mean and g e o m e t r i c  s t a n d a r d  d e v i a t i o n  a re
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c a l c u l a t e d  as f o l l o w s :  
Sg.  = Sg v ° - 5 ( A .  7 )
wher e :  Sg^ = t h e  g e o m e t r i c  s t a n d a r d  d e v i a t i o n  f o r
a v e r a g i n g  t i me  b
Sg^ = t h e  g e o m e t r i c  s t a n d a r d  d e v i a t i o n  f o r  
t h e  p r e v i o u s  a v e r a g i n g  t i me  and
V = ( A . 8 )
where :  = t o t a l  number o f  hours in a y e a r
= number o f  hours i n a v e r a g i n g  t i me b
tg = number o f  hours i n a v e r a g i n g  t i me a
Mgjj  = M C M g ^ / M ) *  ( A . 9 )
where :  Mgj  ̂ = g e o m e t r i c  mean f o r  a v e r a g i n g  t i me  b 
Mg^ = g e o m e t r i c  mean f o r  a v e r a g i n g  t i me  a 
M = a r i t h m e t i c  mean 
The p r o j e c t e d  annual  maximum c o n c e n t r a t i o n  a t  a v e r a g i n g  t i me  
b can now be c a l c u l a t e d :
where:  C
'max( b)  
max( b)
C ,  t 9  
max hr




= t he  annual  maximum c o n c e n t r a t i o n  f o r  
a v e r a g i n g  t i me  b
= t h e  e x p e c t e d  annual  maximum one- hour  
c o n c e n t r â t ! on
= t h e  a v e r a g i n g  t i me
= t h e  s l o p e  o f  t h e  maximum l i n e  ( p r o v i d e d  
by t a b l e s  i n  L a r s e n )
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Of c o n s i d e r a b l e  i mp o r t a n c e  i s  the  a b i l i t y  t o  d e t e r mi n e  
t h e  p r e c i s i o n  o f  t h e  s a mpl i ng  as a f u n c t i o n  o f  sampl i ng  f r e ­
quency.  Sa l t z man  ( 1 9 7 2 )  s i mp l y  c o n s i d e r e d  t he  t o t a l  number o f  
sampl es t a k e n  and no t  t h e  p o s s i b l e  number i n c a l c u l a t i n g  con­
f i d e n c e  i n t e r v a l s :
c o n f i d e n c e  i n t e r v a l  = x + t ^  - j ^  ( A . 11)
where :  x = mean v a l u e  o f  t he  samples
s = s t a n d a r d  d e v i a t i o n
n = number o f  samples
t  = a t a b u l a t e d  s t a t i s t i c  dependi ng on 
t h e  number o f  samples
Of c o u r s e ,  i n d e a l i n g  w i t h  a l ognormal  d i s t r i b u t i o n  x i s  t he
g e o m e t r i c  mean and s i s  t he  g e o me t r i c  s t a n d a r d  d e v i a t i o n .
Hunt  ( 1 9 7 2 ) ,  however ,  deve l ope d  c o n f i d e n c e  i n t e r v a l s  t h a t
c o n s i d e r  t he  f r e q u e n c y  o f  sa mpl i ng  r e l a t i v e  t o  the  p o s s i b l e
e x t e n t  o f  s a mpl i ng  i n a g i v e n  t i me  p e r i o d :
S
M-j = 1 -  exp l-a/2 x \ h  ^
= exp l - a / 2
' l og f^  n
n% (T-W) 1
( A . 12)




= l o we r  c o n f i d e n c e  l i m i t ,  e x pr ess ed  as the  
f r a c t i o n  o f  t he  g e o me t r i c  mean below the  
g e o m e t r i c  mean
= upper  c o n f i d e n c e  l i m i t ,  expr essed  as the  
f r a c t i o n  o f  t h e  g e o me t r i c  mean above the  
g e o m e t r i c  mean
= s t a n d a r d  d e v i a t i o n  o f  t he  n a t u r a l  logs  
o f  t he  sampl e c o n c e n t r a t i o n s
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7 0
n = t he  number o f  sampl es t a ken
N = t he  maximum number o f  samples p o s s i b l e  
over  t he  same t i me  i n t e r v a l
t  = t he  " t "  s t a t i s t i c  a s s o c i a t e d  w i t h  n -  1 
de gr ees  o f  f reedom
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